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CHAPTER I 
INTRODUCTION 
1.1 INTRODUCTION INTO THE PROBLEM 
One of the first times, if not the first, that a description of osteonecrosis appeared in 
the medical literature, was in 1794, when James Russell (1755-1836), who was the first 
Professor of Clinical Surgery at the University of Edinburgh, published his book on 
"Necrosis of Bone". In the 19th century osteonecrosis was predominantly of septic 
origin and characterized by Russell as "the formation of sequestra in the long bones of 
the skeleton". The distinction between septic and aseptic necrosis was not recognized 
until much later, by Axhausen and Koenig in 1888. 
Today, in the 20th century, osteonecrosis of aseptic origin has become an increasingly 
significant phenomenon, especially manifest in the large joints, and with the highest 
incidence in the femoral head. For more than a century we know that osteonecrosis of 
the femoral head has a vascular pathogenesis. For this reason the process is called 
aseptic, or even better, avascular necrosis. 
In 1978 Jones jr. wrote about avascular necrosis in the femoral head that it had become 
an increasingly significant problem in the 20th century, in particular in connection 
with deep-diving, high altitude operations, alcohol and corticosteroid treatment of 
recipients of organ transplants. The precise etiology of both traumatic and non-
traumatic avascular necrosis is uncertain. 
Traditional concepts are frequently challenged by many authors. Glimcher et al. (1978) 
challenge the concept of "creeping substitution" which, until then, had been a widely 
accepted mechanism of bone reconstruction following avascular necrosis. Ficat and 
Arlet(1968,1971) and Hungerford et al., (1972,1975,1978,1979,1981) recognize a new 
preradiologic stage in the evolution of the disease, and introduce a new guideline for 
early diagnosis and treatment of het disease. New treatments have also been developed 
by Judet (1962, 1981), Meyers (1973, 1980), Hori (1973, 1978, 1979, 1981) and Ganz 
(1978) with the objective to revascularize and preserve the femoral head. Many 
questions about the etiology, pathogenesis and treatment of IANF still remain 
unanswered and this was the stimulus to start a project to investigate the mechanical 
and histomorphological behaviour of normal, avascular and revascularizing 
cancellous bone in the femoral head, and examine the arteriovenous bundle 
transplantation, AVBT, developed by Y. Hori. 
The objectives of the present study were: 
- to create an animal model to study avascular and revascularizing cancellous bone in 
the anterosuperior segment of the femoral head in vivo, 
-to examine the mechanical properties of normal, avascular and revascularizing 
cancellous bone, 
- to examine the technique of an arteriovenous bundle transplantation in this animal 
model, 
- to study the histomorphological aspects of avascular and revascularizing cancellous 
bone in these experiments. 
Chapter I contains a review of the literature with special emphasis on the epidemiology, 
etiology, pathogenesis, evolution of the disease and its treatment. Chapter II describes 
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the development of the methods of experimentation: the avascularization techniques, 
the microangiographic techniques and the revascularization techniques. 
The Chapters III, IV and V discuss the methods of investigation and the results of 
mechanical and histomorphological analysis of normal, avascular and revascularizing 
cancellous bone respectively in the femoral head of a African pygmy goat. The results 
of the arteriovenous bundle transplantations into the avascular bone of the femoral 
head of a goat are discussed in Chapter VI. 
1.2 DEFINITION 
Bone is an organ, which comprises vascular, fat, marrow, cartilage and bone tissues. 
Living bone is composed of osteogenic cells and the extracellular bone substance. Bone 
substance is inert and made of collagenous and non-collagenous proteins and 
minerals. 
Necrosis of bone infers death and lysis of the cells of all tissues within the organ bone 
except cartilage. Following cell necrosis, the extracellular matrices of all tissues, except 
bone, undergo lysis as well. Necrosis of bone is caused by either an infectious or a non-
infectious origin. The difference between these two causes is not only shown in the 
etiology but also in the reactions of the surrounding tissues. In septic necrosis, caused 
by an infection with microorganisms, the process is well demarcated by the 
surrounding tissues, which try to dispose of it. 
The reactions of the surrounding tissues in non-infectious, aseptic, or, synonymously 
called, avascular necrosis are completely different. All tissue reactions are organized in 
such a way in this case that healing of the necrotic part becomes the main goal. 
Avascular necrosis of bone implies death of bone, following a circulation disturbance 
in the bone. Only in trauma is the etiology of this vascular injury well understood. In all 
other types of avascular necrosis the etiology is not clear. Idiopathic avascular necrosis 
includes all types of avascular necrosis associated with various pathologic conditions 
or treatments, as well as those not associated with any disease entity (Kenzora, 1985). 
1.3 EPIDEMIOLOGICAL FACTORS 
INCIDENCE 
In 1962 Mankin described 5 bilateral cases of IANF. Ten years later, Marcus and 
Enneking (1973) presented a series of 53 bilateral cases. This higher number may be due 
to an increased incidence in general, or to better diagnostic acumen. The incidence may 
be higher due to more frequent alcoholism, steroid use and hyperlipidemia. A 
diagnostic factor may be that necrosis, in some femoral heads, has been masked by 
degenerative changes. Streda (1971) concluded that 68% of the degenerative hips were 
based on underlying avascular necrosis. 
Several authors, however, confirmed the increase of IANF in large series over 
prolonged periods of time (Calandriello and Grassi, 1982; Coste and Massias, 1966; 
Howarth, 1967; Jacobs, 1978; Jones jr., 1978; Marcus and Enneking, 1973; Merle 
dAubigné, 1978; Vignon et al, 1970). In the last series of Calandriello and Grassi (1982) 
the most notable finding is that 70% more cases were seen in the period 1975-1980, 
compared to 1970-1975, while from 1970-1980 their criteria for the diagnosis of IANF 
did not change. Hence, there apparently is a real increase in incidence of IANF between 
1950 and 1981. 
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SEX DISTRIBUTION 
The male prevalence of IANF is invariably reported average 81.4%, although the 
prevalence varies in different studies. In the literature the male/female ratio varies from 
8:1 to 2.6:1. Comparison of the percentages of male prevalence in the literature do not 
show large variations (Boettcher et al., 1970 (88%); Calandriello, 1982 (72.7%); 
Jacobs, 1978 (78.4%); McCollum et al., 1970 (89%); Volle, 1963 (80%); Zinn, 1971 
(80%). 
AGE 
The age distribution is wide: 14 to 83 years. The vast majority of the cases, however, is 
younger than 50 years. Comparison of the average age shows that the incidence has 
increased, and that the average age has decreased (Calandriello and Grassi, 1982). This 
is in agreement with other literature. The average age of females exceeds that of males 
by almost 10 years. 
SITE AFFECTED 
In the literature, 34-72% of the incidence was reported to be bilateral. The highest 
figure was reported by Boettcher et al., 1972 (72%), the lowest by McCollum et al., 
1970 (34%). The majority of authors found a percentage of 50-60 for the bilateral 
involvement (Calandriello et al., 1982 (60.7%); Jacobs, 1978 (50%); Merle D'Aubigné 
et al., 1965 (50%); Patterson, 1964 (64%). 
Jaffe (1972) reports that these variations are probably due to variations in the time at 
which the diagnosis was made, and the period of observation. A slight prevalence for 
the right hip (58.6%) was reported by Calandriello et al in 1982. 
GENERAL HEALTH 
It is not unusual for other diseases to be associated with IANF. Calandriello et al. 
(1982) found in their series that only 4.7% of all patients with IANF were otherwise 
healthy. Jacobs (1978) reports that in 89% of the cases IANF occurred concurrently 
with systemic disorders: 72.8% was associated with alcohol, steroid use or 
hyperuricaemia, and 23% with multiple coexistent disorders. 
1.4 ETIOLOGY 
The conditions which are directly associated with aseptic necrosis of bone can be 
divided into two groups: the certain and the probable causative factors. 
The certain causes are major trauma to the bloodvessels of the femoral head, embolies 
obstructing these bloodvessels, systemic diseases with sludging in the bloodvessels, 
severe obstruction of the bloodvessels by arterial diseases, and radiation causing direct 
cell death in bone and marrow. 
The list of probable causative factors contains conditions statistically associated with 
IANF. These etiological associations are: 
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CORTICOSTEROIDS 
The relationship between high dosages or length of treatment with corticosteroids and 
the incidence of avascular necrosis is reported, but there is no agreement about how 
severe this relationship is. The statistical association between corticosteroid treatment 
and IANF is beyond doubt, but the mechanisms involved, and the question wether they 
have a vascular or a mechanical cause or both, are unknown. 
The main feature is that there are often multiple foci of osteonecrosis in the skeleton. 
Many authors report different figures about the incidence of IANF, varying from 
14.6% to 37%, average 27.0% (Calandriello, 1982 (19.8%); Cruess, 1975, 1977 and 
1978 (37%); Jacobs, 1978 (27.8%); Louyot, 1971 (14.6%); Merle d'Aubigné, 1965 and 
1978 (36%). 
The higher figures include patients with renal dialysis, renal transplants or lupes 
erythematodes. The lower figures do not include these patients. In approximately 24% 
of all recipients of renal transplants avascular necrosis developed somewhere in the 
skeleton (Davidson, 1985; Metselaar es., 1985). 
ALCOHOLISM 
The reports by different authors present a great variety in incidence of IANF in patients 
using large quantities of alcohol. It is of course difficult to define the precise 
characteristics which qualify an individual to be an alcoholic. Authors, patients and 
family have their own subjective opinion about these qualifications and this affects the 
percentages quoted. 
The lowest figure is 10.2%, the highest 74% (Attout, 1972 (37.9%); Boettcher, 1970 
(74%); Calandriello, 1982 (10.2%); Coste and Massias, 1960 and 1966 (22%); Jacobs, 
1978 (39%); McCollum, 1971 (38%) ; Serre and Simson, 1960 and 1962 (19%); Vignon, 
1970 (70%); Voile, 1963 (34.5%). 
The relationship between the consumption of large quantities of alcohol and the 
incidence of IANF is beyond any doubt, but the extent or absence of osteonecrosis in 
many alcoholics suggest that there are other factors to be considered (Gold, 1979; 
Schneider and Brick, 1972; Smith, 1977). 
HYPERLIPAEMIA 
In recent years Jones jr. has published many articles about hyperlipaemia as a causative 
factor for osteonecrosis (1965, 1966, 1968, 1971, 1974, 1978, 1979, 1985). He suggests 
three pathological mechanisms, all combined with hyperlipaemia: a fatty liver, 
destabilization and coalescense of endogeneous plasma lipoproteins and desruption of 
bone marrow or adipose tissue depots. His clinical and experimental data explain the 
relationship between fat embolism and osteonecrosis and suggest 13 clinical conditions 
to be associated with this relationship. 
Jacobs (1978) also found that in 89% of all patients with non-traumatic osteonecrosis, 
fat embolism or disorders in fat metabolism were found. Calandriello (1982) found a 
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constant increase in bloodlipid levels in 26% of the patients with osteonecrosis. The 
triglycerides, in 78.9% of the patients, and cholesterol, in 44.7%, were the most 
affected lipid fractions. 
HYPERURICAEMIA 
The incidence of IANF in patients with hyperuricaemia, reported by different authors, 
varies again from 16.2% (Ficat and Arlet, 1972 and 1973) up to 53% (de Seze, 1960 and 
1972). IANF in patients with hyperuricaemia is more common in men (80.6%) than in 
women (19.4%) as reported by Calandriello (1982; total incidence 21.2%). 
However, some other conditions, associated with hyperuricaemia, are predisposing 
factors to IANF, such as alcoholism and corticosteroid treatment. Nonetheless, a 
direct link between hyperuricaemia and avascular necrosis is only feasible if uric acid 
crystals were found in the affected bone tissue (Cruess, 1972; Hunter et al., 1968; 
McCollum, 1971). 
LIVER DISEASE 
This is difficult to define, because various conditions are associated with a liver disease 
which are by themselves already predisposing to or associated with IANF, for example, 
alcoholism and corticosteroid treatment. It is not always possible to decide which 
condition comes first. In the literature, only Calandriello (1982) mentions an incidence 
of IANF of 14.3% of the patients in whom a liver disease was an important factor, and 
2/3 of these patients had also other disorders with a relevant relationship to IANF such 
as alcoholism and corticosteroid treatment. 
LOADS AND MINOR INJURIES 
TVpe of work had no correlation with IANF, and mechanical load at work alone cannot 
explain the predominance of IANF in men (Vignon et al., 1970). Minor injuries are 
always mentioned in the literature, but the incidence of IANF in patients who had 
minor injuries, varies from 5% (Serre and Simon, 1962) up to 36% (Zinn, 1971). It may 
well be that minor injury is the inductive factor, causing symptoms in an until that time, 
asymptomatic IANF. The relevance of any injury in the development of IANF should 
always be considered (Ficat and Arlet, 1977; Zinn, 1971). 
CONGENITAL DYSPLASIA OF THE HIP 
This is seldom considered as a predisposing factor (Merle d'Aubigné, 1965) and doubt 
was cast on its possible relevance for IANF (Louyot et al., 1971; Vignon et al., 1970; 
Zinn, 1971). The incidence of IANF in patients with congenital dysplasia of the hip 
joint varies from 5% (Vignon et al., 1970) to 52% (Merle d'Aubigné). 
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PANCREATITIS 
In a recent article pancreatitis has been suggested as a factor associated with IANF 
(Jones jr., 1985). Alcoholism, hyperlipaemia and pancreatitis constitute a triad. Its real 
effect is not yet well understood, but fat necrosis was found in 10.4% of the pancreatitic 
cases. Lipolytic enzymes may cause lysis of the fat cells in the bone. Calandriello (1982) 
had no cases of acute pancreatitis in his series, but found a rise in the level of amylase 
which, however, was not statistically significant. 
OBESITY AND DIABETES 
Obese patients are frequent in a series of osteonecrosis of the knee joint (Aglietti et al., 
1983, 64%). Jacobs (1978) had six obese and three diabetic patients among 23 cases of 
osteonecrosis, not associated with alcohol or corticosteroids. Hyperglycaemia (12.3% 
of the cases), however, has no significance as far as the etiology of IANF is concerned 
(Calandriello, 1982). 
OTHER PREDISPOSING AND RISK FACTORS 
These are, according to the literature, deep and superficial phlebitis (4.1%), 
thromboembolic disease, artherosclerosis (up to 42.8%; Arlet, 1975), polycythaemia 
(up to 25%; de Bastiani, 1979) and gastic ulcers (10.9%; Calandriello, 1982). 
All the above mentioned factors, in particular those related to diseases of blood and 
liver may interact in a complex way to produce IANF (Jacobs, 1978; Park, 1976). Many 
authors also suggest the involvement of environmental or social factors. However, the 
femoral head is so commonly affected that local factors must be involved. One of the 
local factors is the inadequacy of the blood supply to the femoral head. 
VASCULARITY OF THE FEMORAL HEAD 
A major risk factor to the circulation of the femoral head is the scarcity or absence of 
anastomoses between the terminal arterioles. These endarterioles branch off at right 
angles from the major rami which enter the femoral head through areas of rigid bone. 
Two principal groups of arterioles supply the whole of the femoral head, the lateral and 
medial epiphyseal arterioles and the superior and inferior metaphyseal arterioles. 
Functionally, however, the largest and therefore the most precarious area is the area 
dependent only on the lateral epiphyseal arterioles, which vary in number from two to 
six and follow the line of the former epiphyseal growth plate. 
MECHANICAL FACTORS 
Another local factor, the mechanical stress on the femoral head, give a possible 
explanation for the major involvement of the anterosuperior weightbearing segment in 
IANF. According to Frost's theory (1964), the resistance of necrotic bone to mechanical 
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stress is reduced. It is assumed that the weakening starts with a small fatigue fracture in 
the subchondral bone, which is not followed by adequate repair. By confluence of more 
microfractures, eventually segmental collapse results. However, this mechanical factor 
is only an additional one in IANF, related in most cases to subsequent events such as 
collapse and fragmentation. 
1.5 PATHOGENESIS 
The effects of ischaemia are seen in both marrow and bone structure. Haematopoietic 
marrow is the most vulnerable structure and is therefore the first to show the effects. 
These appear within 24 hours of the interruption of blood flow and consist of loss of 
cell outlines, homogeneity of the cytoplasm, reduced basophilia, pycnosis of nuclei 
and finally cellular dissolution leading to the appearance of lacunae which become 
larger and coalesce. The haematopoietic marrow is completely dissolved within 5 to 6 
days. 
Fatty marrow appears to be more resistant. As late as three days from the onset of 
ischaemia, the general architecture of the cells begins to change: disappearance of the 
nuclei, interruption of the septa, conglutination of more cells into optically empty 
vacuoles occurs. The last to be dissolved is the collagen matrix of the marrow. 
Early endothelial lesions in the vessels appear within the first 48 hours. The sinusoids 
and capillaries are destroyed more quickly than larger vessels such as the venules and 
arterioles. In the trabecular bone, the first elements to be affected are the osteoblasts. 
Within the first 48 hours regressive changes appear, such as loss of natural basophilia 
in the cytoplasm, nuclear pycnosis, karyolysis and, at a later stage, cellular 
désintégration. Ischaemic lesions of the osteocytes appear much later. Many of these 
cells seem substantially intact in the histologic sections, even weeks or months after the 
ischaemic damage (up to 4-5 months: Catto, 1976; Fineschi and de Santis, 1982; 
Kenzora et al., 1978). This is undoubtedly misleading because, from the first week of 
ischaemia the osteocytes show morphological and functional changes, involving the 
principal organules, mitochondria and reticular endoplasm (Fineschi et al., 1982). 
Deductions based on light microscopy of histologic sections are not reliable in 
evaluating the viability of osteocytes. Within one week of ischaemia, haematopoietic 
marrow cells and reticuloendothelium show necrosis while approximately 50% of the 
fat cells, osteoblasts and osteoclasts remain morphologically intact. Osteocytes appear 
to be undamaged. Two weeks after the onset of ischaemia only the osteocytes appear to 
be morphologically intact, but there is an absence of functional activity. 
Peculiar to bone is the fact that the bony framework, organic matrix and mineral 
component, is not affected by the enzymes released by necrotic cells. The mineral part 
of bone protects the matrix and the mineral part, the apatite, is protected from 
phagocytic recognition by the bone lining cells and the extracellular barrier, the lamina 
limitans or аІрЬагНЗ glycoproteins (Chalmers, 1980). The bony framework remains 
therefore unchanged. 
The process of revascularization originates in the unaffected medullary spaces at the 
edge of the ischaemic area and from the synovial membrane. New capillaries and cells 
invade the marrow spaces between the dead trabeculae (Fineschi and de Santis, 1982; 
Kenzora, 1985). A dense network of vessels develops, partly newly formed by 
mesenchymal dif ferentation and partly formed by subsequent branching of preexisting 
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vessels. The extent of penetration depends on the size of the necrotic area and the 
reduced intensity of the revascularization as time proceeds. The latter is probably due 
to the loss of an additional chemotactic signal. This process is not yet competely 
understood, but it is known that lipopolysaccharide, prostaglandins, parathyroid 
hormone and an osteoclast-activating factor play a significant role (Chambers, 1980). 
A second source of revascularization is the synovial membrane. An intense 
proliferation of vessels starts at the "circulus vasculosus" and the vessels enter at the 
point where the synovial membrane reflects at the osteochondral junction. 
Around the newly formed vessels, primordial mesenchymal cells and monocytes 
appear in the first few days. These cells actively multiply and are very immature. 
Phagocytosis of necrotic marrow is heralded by the appearance of histiocytes. 
Progressive differentiation of the primordial cells into fibroblasts becomes more and 
more evident until it gives rise to areas of marked fibrosis. Differentiation into lipocytes 
can also occur, but differentiation into haematopoietic marrow is extremely doubtfull 
in man. Differentiations into osteoclasts, osteoblasts and osteocytes takes place in an 
other phase ofthe repair process: osteogenesis and resorption. Some osteogenesis, by 
metaplasia, takes place in the newly formed connective tissue when this is well 
vascularized, but the common mechanism is apposition of new bone on the dead 
trabeculae. These dead trabeculae are an excellent framework and necrotic bone 
therefore plays an important role in the osteogenesis. It remains unchanged for a long 
period of time (up till 6 months from the onset of ischaemia in laboratory animals: 
Fineschi et al., 1982) It is able to act as a continuous stimulus for the osteopoietic front. 
Some of the primordial cells polarize themselves towards the surfaces of dead 
trabeculae and differentiate into osteoblasts and osteocytes. They coat the dead 
trabeculae with osteoid, which often mineralizes into bone. 
In humans the lamellar bone is preponderant and woven bone is often absent. 
Trabeculae with appositional bone are thicker than normal because they are made up 
of a mixture of newly formed bone with a necrotic centre. This increased bone mass, in 
humans 4 to 6 months after the onset of ischaemia, becomes manifest on radiographs 
as an area of higher density. Increased radiodensity is therefore not characteristic for 
early osteonecrosis, but is a manifestation ofthe repair process in the advanced stages. 
For reasons presently unknown, osteoapposition becomes sooner or later exhausted. 
Osteoapposition rarely extends more than 4 to 5 mm in the necrotic area before the 
undifferentiated cells become fibroblasts. Areas of medullary fibrosis are formed, 
when this osteoblastic front disappears. New vascular penetration proceeds. 
Periosteocytic osteolysis starts along the edge of the necrotic bone where the osteocytes 
assume an osteoclastic activity and form a shallow niche in the necrotic bone. These 
local bone changes lead to a phagocytic recognition of the apatite. The protective bone-
lining cells and the extracellular barrier disappears. Mononuclear phagocytes migrate 
to the bone, also attracted by an additional chemotactic signal. Via fusion of these cells 
osteoclasts are formed and resorption commences. This resorption penetrates often 
deeper than the osteogenetic front into the necrotic area (Chambers. 1980; Fineschi 
and de Sands, 1982; Kenzora, 1985). 
This predominance of resorption over osteogenesis undermines the mechanical 
strength ofthe necrotic bone (Glimcher and Kenzora, 1978,1979 and 1981). Fracture of 
the necrotic bone, collapse and fragmentation are the result of normal weightbearing 
and motion. The presence of the fracture is a stimulus for further ingrowth of vessels, 
but this vascular penetration stimulates resorption rather than osteogenesis. For this 
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reason the repair process in humans is not sufficient to achieve complete reossification 
of the whole necrotic area. 
1.6 THE NATURAL HISTORY OF IDIOPATHIC AVASCULAR NECROSIS OF 
THE FEMORAL HEAD 
The natural history of idiopathic avascular necrosis has been extensively described in 
the literature (Arlet, 1977; Enneking, 1973, 1979; Ficat, 1981; Hungerford, 1979; 
Marcus, 1973; Massam. 1973; Springfield, 1978; Bonnarens et al., 1985). Based upon 
clinical, radiological and histological findings 6 stages in IANF are recongnized and 
serve as guidelines for therapy. 
STAGE i: 
In the first stage of the lesion the patient is generally asymptomatic and the motivation 
for the clinical examination is usually made because the patient is followed for 
contralateral IANF in a symptomatic stage. The patient has no complaints referable to 
the stage 1 hip. The range of motion is full and gait is normal. The diagnosis is also 
made from the radiographs. These show a subtle mottled aspect, with increased 
densities in the anterosuperior segment of the femoral head. Tomograms are very 
helpfull in visualizing these modest changes. The contour of the femoral head is 
normal (Fig. 1.6.1). 
The bone scan would show as a cold spot because, after death of the bone cells, no new 
hydroxy-apatite crystals will be synthesized. However, a bone scan is usually not made 
in this stage. 
Macroscopic sections demonstrate the infarct to have a rough shape of a wedge with its 
base at the curved anterolateral portion of the superior weightbearing aspect of the 
femoral head. Usually the infarct extends more posteriorly beneath the articular 
surface than is apparent from the radiographs. The joint congruity is normal, with 
normal articular cartilage. 
Microscopic sections of the infarct at this stage disclose an admixture of necrotic bone 
and marrow and, in the radiodense areas, new viable bone apposition to old avital 
trabeculae. 
STAGE 2: 
The involved hip is very lightly symptomatic. The range of motion is slightly restricted 
and the movements are slightly painfull. The gait is normal. Radiographic examination 
shows a well demarcated area of the infarct. At the periphery of the infarct a distinct 
reactive rim is visible on anteroposterior radiographs. 
The contour of the femoral head is preserved on radiographic examination. The 
reactive rim, seen on the radiographs, is the result of the repair process (Fig. 1.6.2). The 
additional new bone is deposited on and between the avital trabeculae. With new bone 
formation, blood flow to the area and formation of hydroxy-apatite crystals both 
increase. This reactive area shows a large uptake of 99mTc. 
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Fig. 1.6.1 
Stage 1 lANF 
Normal shape of the femoral head. Only very subtle mottled aspect. ( —) 
Fig. 1.6.2 
Stage 2IANF 
The anterosuperior segment is marked by increased radiodensity. (—) 
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Gross examination shows normal joint congruity and normal articular cartilage. 
Macroscopic sections now clearly outline the wedge shaped infarct. 
Microscopic sections show that the repair process in the central portion of the infarct 
appears to be stalled. Early granulation tissue has been replaced by a dense, almost 
appears to be stalled acellular, fibrous connective tissue with little or no continued 
revascularization of the infract. The necrotic unrepaired trabeculae are enmeshed in 
this inert fibrous tissue. Patchy amorphous calcifications are seen in the acellular 
fibrous tissue and block the intertrabecular spaces. 
The periphery of the infarct is marked by marrow spaces filled by granulation tissue 
and thickened trabeculae with new bone apposition on the avital trabeculae. 
STAGE 3: 
The patient at this stage has mild, intermittent pain in the groin, radiating to the inner 
aspect of the thigh. The range of hip motion is limited only at the extremes. 
Trendelenburgs' sign is negative. The gait is normal and there is only slight muscle 
atrophy. 
The anteroposterior radiographs show very subtle flattening of the femoral dome, but 
the subchondral plate appears to be intact and the overlying cartilage is of normal 
width. The axial radiograph, however, demonstrates a fine radiolucent subchondral 
fracture line, usually referred to as the "crescent sign". The contour of the femoral head 
appears asymmetrical (Fig. 1.6.3). The fracture is caused by weakening of the bone 
when the rate of bone resorption exceeds the rate of repair. The cellular response to 
fracture is considerable, but osteoblastic activity is low. There is little bone formation 
and maybe just a disorganized partial mineralization. The bone scan is hot, due to the 
increased cellular activity. 
On macroscopic examination the articular cartilage overlying the infarct is normal in 
colour and texture, but the periphery of the infarct is clearly outlined by a wrinkle. 
When pressed the infarcted area is ballotable, but no communication between joint 
space and subchondral fracture is seen. At the acetabular side the articular cartilage 
and subchondral iliac bone are normal. In the macroscopic sections the yellow, 
crumbly and chalky material of marrow calcifications is seen. 
Microscopy shows a stalled repair process on either side of the fracture line, extending 
deep into the lesion. Within this area heavy calcification of the fibrous tissue in the 
marrow space is uniformly seen. Active repair at the periphery of the necrotic area 
continues, but progress towards the centre of the necrotic area is blocked by the 
calcifications in the marrow spaces. 
There are no degenerative changes in the articular cartilage. 
STAGE 4: 
After a period of mild intermittent pain, varying from several months to several years, 
the patient has noticed a sudden increase of pain, often associated with minor trauma. 
Frequently and subsequent to the acute onset of disabling pain, clicking in the hip joint 
occurs during quick changes in position. 
The range of motion is limited, particulary where it concerns abduction and internal 
rotation. The "figure of ^sign", external rotation of the flexed and abducted hip, 
provocates a painfull click. The patient walks with an antalgic gluteus médius limp. 
The Trendelenburg test is positive. 
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Fig. 1.6.3 
Stage 3 lANF 
Increased radiodensity and cystic changes in the subchondral area. The femoral head shows very subtle 
flattening. 
Fig. 1.6.4 
Stage 41ANF 
The femoral head is flattened. A distinct step-off at the lateral margin of the infarct. Collapse of the 
anterosuperior segment. 
22 
Fig. 1.6.5b 
Stage 5 lANF 
No-screen radiograph of the femoral head in 
Fig. 1.6.5.a. The femoral head was removed 
for hip arthroplasty. Osteophyte at the 
medial and lateral side. Cystic degeneration 
and flattening of the femoral head. 
Fig. 1.6.5M 
Stage 5IANF 
Increased asymmetry of the femoral head. The 
anterosuperior segment is fragmented and 
demarcated by a radiolucent zone. 
Fig. 1.6.6 
Stage 6 IANF 
Joint destruction followed by degenetarive 
changes. 
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Radiographically the femoral head is clearly flattened in the anteroposterior view. A 
distinct step-off at the lateral margin of the infarct, just beneath the acetabular rim, is 
visible (Fig. 1.6.4). 
The collapse of the anterosuperior segment is the result of the ineffective repair 
mechanisms seen in Stage 3, but on a slightly larger scale. The 99mTc scan shows 
increased uptake. On gross inspection, a cleft in the cartilage at the lateral edge of the 
infarct is seen. This cleft extends anteriorly, producing a medially hinged loose flap of 
cartilage and subchondral bone. The underlying surface of the flap is lined by a thin 
rim of nubbly, yellow, chalky necrotic bone. The acetabular cartilage is depressed at the 
edge, where it articulates with the step-off. The thickness of the cartilage is still normal. 
The fracture gap communicates with the joint space. 
Microscopy gives evidence of patchy repair, advancing into various segments of 
collapsing necrotic bone. The central and subchondral areas remain unrepaired, while 
at the edge of the infarct appostition of new bone is seen. The unrepaired trabeculae in 
the subchondral area are compacted and the intertrabecular spaces are filled with 
calcified material. 
STAGE 5: 
The patient feels a crunch at every step. For pain relief he uses a cane or a crutch. The 
range of motion becomes more and more limited due to the degenerative changes in the 
joint. Gait is painful, but resting gives pain relief. 
The radiographs show an increased asymmetry of the femoral head. The femoral head 
is flattened and the articular cartilage layer becomes thinner. At the medial side 
osteophyte formation becomes evident. On anteroposterior radiographs the triangular 
projection of the infarct is mottled and fragmented and demarcated from the 
remaining of the femoral head by a radiolucent zone of 2-3 mm width (Fig. 1.6.5a and 
b). 
The 99mTc scan shows increased uptake, because the ineffectual attemps at repair 
continue. On gross examination the infarct is not covered by cartilage anymore, only by 
a thin layer of fibrous tissue. The femoral articular cartilage around the infarct is dull, 
yellow and hard. 
Histologic examination of the infarct shows necrotic trabeculae, undergoing 
osteoclastic resorption and replacement by fibrous tissue and fibrocartilage admixed. 
Near the subchondral part of the infarct, some fragments of necrotic bone remain 
unrepaired. The repair process has clearly stopped. 
STAGE 6: 
The symptoms and signs are those of a severe and longstanding degeneratieve 
osteoarthritis of the hip joint. The patient suffers from a continuous pain while 
moving and resting. The range of motion is limited and even contractures may arise. 
Gait is painful and crutches or a cane have to be used. 
The radiographic examination shows the evidence of joint destruction. On both 
anteroposterior and lateral views the deformed flattened femoral head is seen. 
Articular cartilage deterioration is visible on the femoral side, as well as on the 
acetabular side. These are the signs of a progressive compression and erosion of the 
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Fig. 1.6.7a 
Preradiologic Stage. 
Patient is followed for symptomatic, stage 3 IANF on the left side. 
The right hip is asymptomatic. No radiologic changes. (Courtesy: Dr. J. Lemmens, Nijmegen) 
Fig. 1.6.7b 
MR - study of the same hip, T-2 weighted image. Loss of signal in the femoral head showing the extend of 
necrotic changes in the bone marrow. (Courtesy: Dr. J. Lemmens, Nijmegen) 
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femoral head, and a superimposed degenerative osteoarthritis (Fig. 1.6.6). The 99mTc 
scan shows again increased uptake due to the continuing attempts to repair the 
necrosis. 
Gross examination reveals the collapse of the femoral head and marked degenerative 
osteoarthritis. Especially the infarcted area is compressed and flattened. 
The histology also reveals the signs of marked degeneration of the joint. In the 
infarcted area, necrotic debris admixed with thickened trabeculae, fibrocartilage and 
dense scar tissue can still be found. 
The first two stages are often asymptomatic and referred to as "the Silent Hips in 
IANF". Many authors (Ficat and Arlet, 1977, 1981; Hungerford, 1979, 1981, 1985) 
recognize another stage before any subtle signs are recognizable on radiographs 
especially in patients followed for symptomatic IANF on the contralateral side. They 
call it the "Preradiologic Stage" (Fig. 1.6.7a). It has been suggested by the above 
mentioned authors that in this stage extravascular intraosseous elements like lipocytes, 
haemotopoietic cells and also abnormal cells, such as Gaucher's cells, can cause a 
decrease in medullary blood flow by an increase in pressure in the extravascular 
intraosseous compartment (Hungerford, 1983; Michelsen, 1967; Wilkes and Visscher, 
1975). The hypothesis is that bone acts as a closed compartment and therefore, statis 
and edema increase the intraosseous pressure and the vascular resistance. The blood 
flow decreases and ischaemia occurs. The diagnosis of this preradiologic stage can be 
made by a diagnostic method called: "Functional Bone Investigation" (Hungerford, 
1981) of which the major items are: 
1. Measurement of the intraosseous pressure via a 3mm. trocar connected with a 
pressure tranducer. 
2. An intraosseous venogram to visualize the intraosseous filling, the efferent veins and 
the clearing of the contrast from the bone. 
3. Microscopy of a core biopsy. 
According to the above mentioned authors (Arlet, 1977; Ficat, 1981; Hungerford, 1979, 
1981,1985) the ischaemia must start before the typical symptoms and signs are present. 
The eventual necrosis of the weightbearing part of the bone is an end stage of this 
slowly progressive compartment syndrom. 
Since recently these so-called "Silent Hips" can be diagnosed even before the 
radiologic signs are visible on radiographs, with Magnetic Resonance Imaging. The 
marrow cavity in the femoral head emits a strong MR signal. The first effects of 
ischaemia occur in the bone marrow. Necrosis of the marrow, degradation of marrow 
lipids and their replacement by water-equivalent tissue, and ingrowth of vascularized 
mesenchymal tissue, cause changes which can be deteced with MRI (Fig. 1.6.7b). 
M RI appears to be more sensitive to early changes than radiography (Bluemm et al., 
1985; Hungerford et al., 1985; Jergesen et al., 1985; Littrup et al., 1985; Mitchell et al., 
1986). 
The effects of operative treatment and the above mentioned diagnostic-therapeutic, 
core biopsy might be assessed more objectively with MRI. 
1.7 TREATMENT OF AVASCULAR NECROSIS OF THE FEMORAL HEAD 
In this section the different methods of treatment are discussed. Some of these 
treatments are only of historical importance. However, they are reviewed because of the 
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underlying principles, which appear to be rational. It is important to recognize that the 
indications for all surgical interventions have to be based on an accurate assessment of 
the individual case, including the patients age, the stage of the disease, the extent of 
articular damage, whether the condition is mono- or bilateral, the results of laboratory 
tests and the histological findings of a possible biopsy. 
The very first operations which were thought to have positive results for IANF were 
denervation of the hip joint, coxolysis and cervicocephalic perforations. Denervation, 
chiefly an anterior denervation, the resection of the articular branches of the obturator 
nerve, was used in the past. The aim was pain relief, correction of any contracture 
caused by the adductor muscles, and production of active hyperaemia. The results, 
however, were poor. 
The later addition of posterior denervation of the quadratus femoris muscle produced 
no improvement. Total or subtotal capsulectomy was a further attempt to improve the 
denervation, but the progression of the disease was not affected (Parrini and de 
Bastiani, 1982). 
Coxolysis (Voss, 1952) was devised in 1952 and subsequently modified by several 
authors. The operations produces a "hanging hip" by sectioning muscles in order to 
diminish the intra-articular pressure. It includes transverse section of the fascia lata, 
detachment of the greater trochanter and the abductor muscles. 
Tenotomy of the rectus femoris and iliopsoas muscles can be added. The results were 
poor, because the assumption that it would result in the arrest of the necrotic process 
did not become true. There is no effect on vascular insufficiency and on weightbearing 
on the necrotic area. (Parrini and de Bastiani, 1982). 
In the early stages of IANF, the stages with no or very minor symptoms, featuring only 
very subtle radiographic signs and an intact joint congruity, the prevention of a 
subchondral fracture and subsequent the start and stimulation of spontaneous repair 
of the infarct are the goals of the treatment. 
The spectrum of different treatments starts with "observation and non-
weightbearing". In children with Perthes disease the necrotic bone heals usually this 
way, but in adults with posttraumatic ANF this happens only occasionally and in 
IANF rarely. 
Cervicocephalic perforations through the femoral neck into the necrotic area, Beck's 
operation, is based on the assumption that this would induce hyperaemia and therefore 
produce revascularization by ingrowth of blood vessels from the surrounding healthy 
bone. 
At the same time, increased intraosseous pressure and edema in the marrow spaces is 
relieved by decompression. Arlet and Ficat (1968, 1971, 1972, 1980 and 1981) 
Hungerford (1978, 1981, 1985) advertise core decompression and non-weightbearing. 
Through the cored tunnel, spontaneous revascularization is assumed to take place. The 
intramedullary venous pressure is reduced through the perforation of the medullary 
canal. 
If a raised intramedullary pressure is indeed the origin of the ischaemia, it is extremely 
important to make the diagnosis at het earliest possible moment. The problem is, that 
it is difficult to assess the effect of the operation at such an early stage, with no clinical 
or radiographic evidence of IANF. Hungerford et al., (1978,1981,1985) operated upon 
asymptomatic hips, with no radiographic symptoms. These were the unaffected hips in 
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patients with symptomatic lANF on the contralateral side (Wagner, 1981; Parrini and 
de Bastiani, 1982). 
MRI might permit a more accurate diagnosis of this so called Silent Hips and a more 
accurate assessment of the treatment techniques which are designed to prevent 
progression of the disease (Bluemm, 1985; Hungerford, 1985; Jergesen, 1985; Littrup, 
1985; Mitchell, 1986). 
Some authors have combined the above mentioned simple perforation with the 
introduction of cortical bone grafts. The function of the graft is to provide mechanical 
support and to promote local bone regeneration (Bonfiglio, 1954, 1968; Phemister, 
1949). 
The graft fixates the subchondral layer of bone and introduces osteogenic material in 
the necrotic area (Hawkins, 1974; Marcus et al., 1973; Springfield and Enneking, 1978, 
1979). 
Davies and Taylor (1954) improved the viability of the grafts and the osteogenic activity 
by using tensor fascia lata muscle pedicled grafts of the iliac crest in hip fusion. Judet 
(1962) and Meyers (1973, 1980) proved that muscle pedicled grafts from the greater 
trochanter were superior to Phemister's cortical strut grafts for the treatment of 
fractures and non-unions of femoral neck fractures and the treatment of the silent 
phase of IANF. Judet (1981) and Chacha (1984) used free-vascularized fibula grafts for 
the treatment of IANF with good results. The procedure requires microvascular 
technique, is therefore time consuming and donor site morbidity can be a problem. The 
authors recommend the operation only for stage 1 and 2 IANF in young patients in 
whom the only alternative would be arthrodesis or total hip replacement. 
Another alternative is the diversion of arterial and/or venous blood flow to the bone to 
try to revascularize the avascular segment. Many authors have described different 
methods with little succes (Boyd and Ault, 1965; Dickerson and Duthie, 1963; 
Dickerson, 1968; Kazuteru Doi, 1977; Vineberg, 1963; Woodhouse, 1963). In 1973 and 
1978, and for the first time in English literature in 1979 and 1981, a Japanese surgeon, 
Y. Hori, describes the technique of an arteriovenous bundle transpantation, AVBT, 
direct into the bone with good results. 
As well Hori as Ganz used the technique also for the treatment of Perthes' disease. In 
1978, Ganz and Buechle combined this technique with a flexion osteotomy in 6 
patients. 
Based on the assumption that the biological effects of osteotomy alone are rather slow, 
a cancellous bone graft can be added to accelerate the process. 
Willert (1975, 1981) and Ganz et al., (1978) combined grafting and intertrochanteric 
osteotomy. 
Sujioka (1978) described an extracapsular femoral neck osteotomy to rotate the infarct 
away from the weightbearing zone, to prevent refracture of already repaired parts of the 
necrotic area, thus preventing reinfarction. 
The above mentioned operations are only suitable in stage 1 and 2 IANF, the 
asymptomatic stages with no subchondral fracture. 
When IANF becomes symptomatic in stage 3 and 4, the pain is a true sign of the 
occurence of a subchondral fracture. In stage 4 the pain increases due to a starting 
collapse of the infarcted area. The femoral dome changes its shape and the joint is not 
congruent anymore. In these stages 3 and 4 IANF, the above mentioned operations are 
not possible anymore. A cortical bonegraft is felt to be inadequate as a method to 
immobilize the fracture and prevent further collapse, and rotational osteotomies do 
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Fig. 1.7.1a 
Cemented total hip replacement, type Charnley-Müller. (Courtesy: Dr. J. Lemmens, Nijmegen). 
Fig. 1.7.1b 
Hemi-arthroplasty. 
Non-cemented Osteonics Universal Head Prosthesis. 
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not always arrest the natural course of the disease in these stages. The infarct is often 
more extended than visible on radiographs, and although rotational osteotomies are 
planned on the basis of serial radiographs (Schneider, 1970), the infarct is not 
completely rotated away from the weightbearing zone, and collapse will not be 
prevented. 
Hemi- or total arthroplasties are the operations of choice when the femoral head shows 
signs of collapse. 
Hemiarthroplasty has been suggested in the past, but the long-term pain relief is not 
guaranteed. Hemiarthroplasties can damage the acetabular side of the joint after 
several years, causing the femoral prosthesis to protrude gradually into the pelvis. 
For young patients arthroplasty is not a satisfactory solution because of the long life 
expectancy and an active lifestyle. Long-term problems as low-grade infections and 
loosening of the prosthesis can be expected. Tharies' hip resurfacing (Amstutz, 1982), 
ICLH(Freemann, 1982), Double Cup Arthroplasty according to Wagner (Head, 1982) 
and other double cup arthroplasties have shown to be unreliable in IANF. In IANF, the 
mechanical support provided by the cancellous bone of the femoral head is not 
adequate enough. Loosening of the femoral component is the main long-term problem 
(Strens, 1986). 
In stage 5 and 6 of IANF the joint is deformed. The only operation suitable for such a 
degenerated hip joint is total joint replacement (Fig. 1.7a). The opposition of the 
patient against arthrodesis of the hip joint is well known and easy to understand. 
Arthrodesis of the hip joint has a higher failure rate and even after extensive excision of 
the necrosis and bone grafting a higher failure of consolidation is seen (Daver and 
Schumaeker, 1972; Man, 1966; Merle d'Aubigné, 1965; Willert, 1975). 
Finally, there is the occasional patient in whom the resection angulation osteotomy 
(Girdlestone-Milch-osteotomy) offers a rational treatment, but only if total joint 
replacement is undesirable, or in those cases where the infarct penetrates deep into the 
proximal femur (seldom in IANF, but more frequent in ANF due to sickle cell disease). 
Non-cemented hemiarthroplasties with a double articulating femoral component (e.g. 
Osteonics universal head prosthesis, Fig. 1.7.1b) might offer an alternative in the 
younger patients, but non-cemented prostheses have not yet proven to be a better 
alternative for the cemented prosthesis. 
1.8 CONCLUSIONS AND PROBLEM DEFINITION 
IANF has become an increasingly significant disease in the 20th century, evident in the 
deep-diving industry, high altitude operations, alcohol and corticosteroid treatment of 
recipients of organ transplants (Jones jr., 1978). There apparently was a real increase in 
incidence of IANF between 1950 and 1981 and a higher number of bilateral cases. The 
male prevalence of IANF is invariably reported and the average age has decreased in the 
last ten years (Calandriello et al., 1982). The precise etiology of IANF is still unknown. 
It is a problem of inadequate blood supply to the bone relative to the metabolic need. 
Many factors play a role in the etiology, like treatment with corticosteroids, alcoholism 
and in particular those factors related to diseases of the liver and blood. They work in 
a complex way to produce IANF (Jacobs, 1978; Park, 1976). However, the femoral head 
is so often involved that local anatomical and mechanical factors must play an 
important role. The anatomical factor is the precarious blood supply of the 
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anterosuperior segment of the femoral head. This is the area in the femoral head which 
is most affected in IANF and is completely dependent on the lateral epiphyseal 
endarterioles. Vascular damage causes interruption of the blood flow to the 
anterosuperior segment, but it has been suggested by several authors (Ficat et al., 1968, 
1981; Hungerford, 1981, 1985; Michelsen, 1967, Wilkes et al., 1975) that also 
extravascular intraosseous elements can cause ischaemia by increasing the pressure in 
the intertrabecular spaces. Because bone acts as a closed compartment this rise in 
intraosseous pressure causes a decrease of medullary blood flow. The mechanical 
stresses on the femoral head are additional factors which cause eventually the collapse 
and fragmentation of the anterosuperior segment. It is assumed that weakening of the 
bone starts with a small fatigue fracture in the subchondral plate which is not followed 
by adequate repair. The effects of ischaemia can be seen both in the marrow tissues and 
the bone cells, but the marrow tissues are affected first. Peculiar to bone is the fact that 
the bony framework is not affected by the ischaemia. Only after the process of repair 
has started and the osteoblasts arrive, changes can be seen. Primarily the avital 
trabeculae act as a framework for the new bone apposition and therefore play a major 
role in the osteogenesis. But, for reasons presently unknown, this osteoapposition 
rarely extends more than 4 to 5 mm into the necrotic area, when the osteoblasts 
disappear and are replaced by fibroblasts, forming extensive areas of medullary 
fibrosis. Osteoresorption by osteoclasts starts. This resorption penetrates often deeper 
into the necrotic area than the osteogenetic front (Chambers, 1980; Fineschi et al., 
1982; Kenzora, 1985). The predominance of resorption over osteogenesis undermines 
the mechanical strength of the necrotic bone (Glimcher et al., 1978, 1979, 1981). 
Fracture of the necrotic bone and finally collapse and fragmentation are the result of 
normal weightbearing and motion. 
Among all the therapies for IANF, arteriovenous bundle transplantation claims good 
results in experimental and clinical studies (Horri, 1973,1978,1979,1981; Ganz, 1978). 
However, Gartsman (1983), proved that the animal model Hori used in these 
experiments, was not reliable and therefore the histomorphological and mechanical 
evidence is not available. 
In conclusion it can be said that mechanical properties, strength and stiffness, of 
avascular and revascularizing cancellous bone in the femoral head are still unknown. 
These data have to be derived and compared with the data of normal cancellous bone 
in the literature and in an experiment. The relationship between the AVBT and the 
repair process is not yet well understood and technical, histomorphological and 
mechanical data are not available. 
It can be concluded that the treatment of avascular necrosis must be based on two 
principles: revascularization (and revitalization) of the necrotic bone, and prevention 
of the collapse. These requirements are analogons to those for reconstruction of an old 
building: the supporting structure must be renewed, but at the same time the building 
must be upheld. Evidently in bone, this procedure can only be conducted successfully 
when enough is known about the effects of the revascularization process, both the 
remodelling process and the bone strength. It is also evident that these processes are not 
well documented in the literature. In particular about the velocity of the remodelling 
process and the relation between remodelling and bone strength, little is known. 
The present study was conducted to investigate these relations. First, an animal model 
to create avascular necrotic bone in the femoral head was developed, and secondly, 
methods for revascularization were introduced. The histomorphology and the 
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mechanical properties of bone were studied, comparing normal, avascular, passively 
revascularizing and actively revascularizing phases. Finally, the arteriovenous bundle 
transplantation was investigated in some more detail. 
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CHAPTER II 
METHODS OF EXPERIMENTATION 
11.1 AVASCULARIZATION TECHNIQUE 
In this study the animal model to create avascular cancellous bone in the femoral head 
of the African pygmy goat was developed. 
The aims of this study were to find the proper way of exposure of the hip joint of a goat, 
to create an avascular anterosuperior segment in the femoral head and to investigate if 
this segment remained in situ and avascular for a period of at least six weeks. 
The method of avascularization is one of the core features of the present study. It is 
based on the original idea of sawing a segment of cancellous bone out of the femoral 
head, and replacing it in its original position, separated from the remainder of the 
femoral head by a layer of acrylic cement. This layer has the same thickness as the saw 
blade. 
II.l.l MATERIALS AND METHODS 
In the literature little was found about the specific anatomy of the goat. Sheep and 
cattle, pigs and horses have been described extensively (May, 1964; Popesko, 1968). 
From the available literature on the animals, a recent experiment at this university (v.d. 
Wildenberg, 1982), and also the results form selective angiograms, the anatomy in 
general, and the vascular anatomy in particular, were examined and described. From 
this information the exposure of the hip joint was determined. 
At the Central Animal Laboratory (CAL) of the University of Nijmegen, several 
previous investigators used goats for their experiments. The animal was known to be 
strong and hardly susceptible to disease. They do not lick or bite their wounds. The 
goat is a big enough animal to do selective surgery on the hip joint. Furthermore, the 
goat is a cheap laboratory animal and easy to purchase. There are many of them 
available and a good selection can be made. 
For the first pilot study we purchased 5 female goats with an average weight of 19.4 kg 
(16-22 kg). They were kept at the farm of the CAL for a few weeks for small veterinarian 
care: to clean them from worms and to see of they were in good health and condition. 
They were numbered 9-81, 10-81,11-81, 12-81, and 13-81, respectively. 
All 5 animals were operated within 7 days (Table 2.1.1). The same procedure was 
performed in all animals. 
OPERATIVE TECHNIQUES 
All goats were starved preoperatively for at least 12 hours. They recieved preoperatively 
a premedication of 1/2 mgr of atropine I/V. Anaesthesia was started with an 
intravenous injection of Narcovet® (60 mgr per cc, 30 mgr per kg bodyweight) in the 
external jugular vein. All goats were intubated and anaesthesia was maintained with a 
mixture of NjO, oxygen and Ethrane® in a closed system. 
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No analgesia or muscle relaxant was given. All animals were connected to an Engström 
apparatus with a breathing-volume of 50 ml per kg body weight, pressure 10-15 cm 
water, 20 times per minute. The operation was performed with the animal lying on its 
right side. 
The left hip region was preoperatively shaved and the whole limb was desinfected with 
a 2% iodine solution. From the knee downward the limb was packed in a sterile towel 
bag. The incision was made from midfemur to the major trochanter and cranialwards 
to the tuber coxae (dorsolateral incision). The fascia lata was incised at the border 
between the m. vastus lateralis and the m. gluteobiceps. Along the m. gluteus 
superficialis the incision was extended cranialwards. A small bundle of arteries and 
veins, the a. and v. glutaea cranialis, was coagulated. 
The m. gluteus profundus and m. iliacus were released from the major trochanter and 
bridled. The joint capsula was completely exposed to be incised. A T-shaped was made 
in the capsula, by which two triangular flaps were created (Fig. 2.1.1). After the capsula 
was incised, the femoral head was luxated and the ligamentum teres was cut with a 
curved sharp chisel. The leg was externally rotated and the remaining parts of the teres 
ligament were removed from the femoral head and the fovea. In the fovea the remains 
of the teres ligament were coagulated until all haemorrhage stopped. The 
anteriosuperior segment of the femoral head was located and with the mini-drill-unit 
(Synthes nr. 512.000), the oscillating saw unit (Synthes nr. 512.70), 6 mm saw blade 
(Synthes nr. 512.75), the anterosuperior segment was removed (Fig. 2.1.2). There was 
hardly any bleeding from the cancellous bone of the femoral head. The edges were 
trimmed and the segment was cleaned and rinsed in sterile normal saline solution (Fig. 
2.1.3). CMW orthopaedic bone cement (type I, CMW Laboratories Ltd., Blackpool, 
Fig. 2.1.1 
Schematic drawing of the T-shaped incision (—). 
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Fig. 2.1.2 
Femoral head exposed and luxated. 
Maximal flexion and internal rotation. 
Removal of the anterosuperior segment. 
Fig. 2.1.3 
The anterosuperior segment removed. 
Fig. 2.1.4 
The anterosuperior segment replaced with PMMA-cement (CMW, Blackpool, G-B). The cement layer is 
marked (arrows). 
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England) was prepared according to the prescriptions of the manufacturer. With the 
prepared cement, the segment was replaced and fixed in its original site of the femoral 
head (Fig. 2.1.4). The replaced segment was thus isolated from the cancellous bone of 
the femoral head by a thin layer of PMMA-cement. After the appropriate 
polymerization period of approximately 10 minutes, all excess cement was removed 
and the femoral head was replaced in the acetabulum. 
The capsula was closed with atraumatic sutures Vycril® 2-0 (Ethicon). The m. gluteus 
profundus and m. iliacus were readjusted to the trochanter with Vycril® 0 sutures. 
Fascia and the skin were closed with Vycril® 0. No wound dressing was applied. The 
average operating time was 1 hour and 40 minutes (1 h 30. - 2 h 30 min). 
All goats received an intravenous injection of Terramycine® 50 mgr/ml, 25 mgr/kg 
body weight, directly postoperative as a fluorescent labeling. Immediately after 
surgery, radiographs were taken under general anaesthesia, in anteroposterior and 
axial views. 
During the next 6 weeks, at weekly intervals, all goats were radiographed again in 
anteroposterior and axial views with the Phillips Praxis Ζ 67 К transportable X-ray 
machine on Agfa Gevaert Curix film. The radiographs were taken at 60 kV and 0,3 mAs 
under general anaesthesia with Narcovet® . 
A second dose of Terramycine® , 25 mgr/kg bodyweight, was given intravenously 30 
days after surgery (Table 2.1.1). 
Microangiography was performed in the 6th week postoperatively immediately after a 
radiograph was taken (Rhinelander, 1962). In the same procedure all animals were 
sacrificed with an overdose of 10 cc Narcovet® . 
Both femora were removed and stripped of excess soft tissue. The right femur served as 
a control (Fig. 2.1.5). The preparations were placed in a solution of 7 parts alcohol 96% 
and 3 parts formol 4% for fixation. All femora were radiographed in pairs in the 
Faxitron 43805N - X-ray system, Hewlett Packard, on Kodak Industrex MX film. 
The trochanters and the femoral heads were removed with a handsaw with a 1/2 mm 
blade. The segment was divided in 2 equal parts (Fig. 2.1.6) with the same hand saw. 
Part 1 was decalcified, and finally no-screen radiographs were made on Kodak 
Steroscopic 35 mm Safety film in the Faxitron system, to visualize the microangiogram. 
Histologic sections of 7 micron thick were cut at the Jung-K-microtoom, and stained 
with Haematoxylin and Eosine. Part II was not decalcified and the unstained histologic 
sections were used for fluorescent microscopy. 
Table 2.1.1 
Goat 
9-81 
10-81 
11-81 
12-81 
13-81 
O.R.-date 
& 1st dose tetrad. 
& 1 st X-Ray 
18 Dec 1981 
21 Dec 1981 
21 Dec 1981 
21 Dec 1981 
21 Dec 1981 
1 
24 Dec 
31 Dec 
31 Dec 
31 Dec 
31 Dec 
X-ray (general anaesthesia) 
2 
31 Dec 
7 Jan 
7 Jan 
7 Jan 
7 Jan 
3 
7 Jan 
14 Jan 
14 Jan 
14 Jan 
14 Jan 
4 
14 Jan 
21 Jan 
21 Jan 
21 Jan 
21 Jan 
5 
21 Jan 
28 Jan 
28 Jan 
28 Jan 
28 Jan 
2nd dose 
tetrad. 
25 Jan 
IFeb 
IFeb 
2 Feb 
2 Feb 
X-Ray: 6 
micro-
angio 
& 
sacrifice 
28 Jan 
4 Feb 
5 Feb 
5 Feb 
5 Feb 
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Fig. 2.1.5 
A.P.-view of both femora, removed and stripped of excess soft tissues. Intact anterosuperior segment 
(arrow). 
Fig. 2.1.6 
Division of the femoral head and segment with a hand saw. 
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RADIOGRAPHIC PROCEDURES 
Radiographs were taken immediate postoperative and at weekly intervals under general 
anaesthesia with Narcovet® . The goats were positioned on their backs with their legs 
tied to the table. 
The radiographs were taken with the Philips Praxis Ζ 67 К transportable X-ray 
machine. The X-ray machine was positioned exactly perpendicular to table (Fig. 2.1.7). 
The anteroposterior projection was taken with the leg in maximal flexion, 30 degrees 
abduction and external rotation (Fig. 2.1.8). The axial projection was taken with the leg 
in 90 degrees flexion, 90 degrees abduction and neutral rotation (Fig. 2.1.9). In the sixth 
postoperative week radiographs were taken and a microangiogram was made. Finally, 
the animal was sacrificed with an overdose of Narcovet® . Both removed femora were 
X-rayed in the Faxitron X-ray system on Kodak paper, tube voltage 50 kV, tube current 
2 mA, time 60 seconds. 
Fig. 2.1.7 
The position of the goat under general anaesthesia on the X-ray-table. The hip joint is flexed, abducted and 
externally rotated. 
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Fig. 2.1.8 
AP view of the left hip joint: flexion, abduction and external rotation. 
Fig. 2.1.9 
Axial view of the left hip joint: neutral flexion, 45° abduction and internal rotation. 
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SELECTIVE ANGIOGRAPHY AND MICROANGIOGRAPHY 
Angiography was performed in three different goats to obtain an impression of the 
vascular topography in the hip region and upper leg. Radiographs were taken 1,2, 3, 5, 
7, 10, 12, 15 and 30 seconds after the injection of 10 ml of a solution of 30% 
Micropaque® in normal saline. 
In all five goats the Rhinelander technique (1962) for microangiography was used. A 
cánula was inserted in the aorta and in the vena cava. The cánula in the aorta served as 
inflow and in the vena cava served as the outflow. The inflow pressure was maintained 
at the systolic blood pressure. The animals were perfused with, successively, one liter of 
a 30% solution of Micropaque® in normal saline and a 15% solution of Micro-
paque® in 4% buffered formol. 
Immediately after the perfusion, both canula's were extracted, the blood vessels ligated 
and both femoral heads removed (Fig. 2.1.10). 
№£1 0.9Z 
manometer ι 
Vi¿/ 
1 "р 
і?к 3 
ANIMAL 
d r a i n a g e 
Fig. 2.1.10 
Microangiography. 
Schematic drawing of the perfusion system used in the experiments. 
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MICROSCOPY 
TWo types of histologic sections were made after the femoral head was divided in two 
equal parts: 
A. 7 micron thick sections made from decalcified bone, stained with Haematoxylin 
and Eosin for convential histologic examinations, 
B. 200 micron thick sections for fluorescense microscopy with Ultra-Violet light. 
A. HAEMATOXYLIN-EOSIN SECTIONS 
Part I of the specimen was decalcified in EDTA (Ethylene-Diamino-Tetra-Acetic acid). 
When the specimen was completely decalcified, it was embedded in paraffin-wax and 
sections 7 micron thick were cut with the Jung K-microtome. The sections were stained 
with Haematoxylin and Eosin for conventional histologic examination. Both left and 
right femoral heads were prepared in this manner. 
To study and photograph the sections we used a modified Zeiss Universal 
Photomicroscopy, type II, with a build-in 35 mm camera. The microscope has an 
Optovar factor of 1.25 and a projection factor of 3.2. To study the sections, object 
lenses of 4.0 magnification and 25 magnification were used. The total magnification 
used was thus 16 times with the 4.0 planapo Zeiss objectlens, and 100 times with the 25 
planapo Zeiss objectlens. 
Slides were made on a Kodak 50 ASA EPY 35 mm colour-slide-film. 
B . T E T R A C Y C L I N F L U O R E S C E N S E 
Conventional histologic sections do no justice to the dynamics of such processes as 
growth, remodelling, regeneration and revascularization of bone. To study the 
dynamics of these processes vital staining agents can be used. These agents are 
incorporated in newly formed bone of any origin. 
The best known labeling agent is Oxytetracycline. Oxytetracycline reacts with calcium 
and hence follows calcium to where it is deposited in the new bone. Tetracycline labeling 
is known to be visible as long as 6 years after administration to the body (Rokkanen, 
1965). 
Tetracycline labeling is a specific and suitable method for the investigation of the blood 
supply to bone (Milch, 1963). An avascular femoral head does not fluoresce 
(Woodhouse, 1962) and regenerating areas fluoresce strongly (Rokkanen, 1965). 
All goats received twice a dosage of Oxytetracycline, 25 mgr/kg body weight, 
immediately after the operation and 3 days prior to sacrifice. 
Part II was embedded in Plaster of Paris and cut with a saw into 1 mm thick sections. 
These sections were fixated in 4% buffered formol and, after rinsing, dehydrated in 
ingraded alcohol 95%. 
The sections were embedded in MMA (Methylmetacrylate) and grinded down to 200 
microns. Again the Zeiss Universal Photomicroscopy, type II was used to study and 
photograph the sections. The microscope is modified with a vertical illuminator III RS 
(Zeiss, W-Germany). 
The photographs were taken with the build-in camera on Koda 35 mm 50 ASA EPY 
colour-slide-film. 
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In relation to the light direction the sequence of the optical system used was as follows: 
light source : super pressure mercury HBO 50 W/Ac lamp, OSRAM 
heat absorption filter KG 1 
red absorptionfilter BG 38 
III RS (position 3) : excitation interference blue filter KP 500 
with blue light exci- excitation interference blue filter KP 490 
tation dichroitic interference mirror FT 510 
barrier filter LP 520 
or III RS (position : UV-permeable black glass UG 1 
1) withUV-light dichroitic interference mirror FT 420 
excitation UV-barrier filter LP 418 
objectlens : Neofluar 6.3/0.2 (Zeiss, W-Germany). 
Specimens from goats nr. 10-81, 11-81, 12-81 and 13-81 were examined at a 
magnification of 25 (6.3/0.2 Neofluar objectlens) with the HI RS in position 1 (UV-
light excitation) and position 3 (blue light excitation). Position 1 excitâtes tetracycline 
to a white colour and position 3 to a yellow colour. Again the right unoperated hips 
served as controls. 
II.1.2 RESULTS 
OPERATIONS 
The first operation on goat nr. 9-81 lasted 2 hours and 30 minutes, because the proper 
way of exposure had to be found. All other operations lasted about 1 hour and 30 
minutes, radiographic procedures not included. The way of exposure is not difficult. 
No severe peroperative complications were encountered. Small bleeding was easily 
stopped by coagulation or ligation. 
The recovery of all goats was quick. One hour after surgery all goats were standing on 
four legs and after a few hours all goats were walking with a slight limp. Already the 
second postoperative day all goats were walking normal, and some were even trying to 
jump out of their cage, using both hindlimbs (Fig. 2.1.11). 
All animals received seven times anaesthesia in total, without any complication. None 
of the wounds showed any signs of infection and all healed well in ten days. Only goat 
nr. 9, the first one operated upon, started a slight limp in the fourth week, but even then 
tried to jump out of the cage. 
EVAIJJATION OF THE RADIOGRAPHS: 
A perfect projection of the anterosuperior segment of the femoral head is not possible. 
The radiographs taken with the hip joint flexed, abducted and about 20° externally 
rotated gave the best possible projection. 
Only the radiographs of goat nr.9 showed signs of loosening of the segment, starting 
two weeks after the operation, visible on the AP-view and in the third week after the 
operation also on the AX-view. The projection of the segment changed with every 
picture taken in both views. Osteolysis of the anterosuperior rim of the femoral head 
was also seen. This sign was progressive in time. The cement line was widening from the 
third week onwards, and became irregular in the last week. However, the hip did not 
luxate. 
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Fig. 2.1.ÌÌ 
Operated African pygmy goats at the farm of the CAL. Complete freedom of normal and excessive 
weightbearing and motion. 
Fig. 2.1.12 
Selective angiography. 
The skinbranch of the a and ν circumflexa ilium profunda is marked (arrows). 
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In all other goats there were no signs of loosening or luxation of the segment. The 
segment fixation seemed stable. Only a slight osteolysis of the anterosuperior rim of 
the femoral head was seen in goat nr.l 1 in the last week. Goat nr. 13 showed a very slight 
widening of the cement line on the radiographs, taken in the last week. 
In none of the goats changes in radiodensity of the segment or the femoral head were 
seen. Enneking (1977) and Albrektsson (1979) state that the cycle of anabolism and 
catabolism in bone is completely dependent upon the blood supply and the 
morphological arrangement of that particular unit of bone. Enneking (1975, 1977, 
1979) and Takaoka (1981) state that collapse of matrix occurs under influence of the 
osteoclastic activity and the mechanical stresses. Presumably both the morphological 
arrangement of the segment and the stress on the anterosuperior segment did not 
change in this study, therefore the lack of change in radiodensity must be interpreted as 
a complete lack of vascularity in the segment. 
SELECTIVE ANGIOGRAPHY 
The radiograph made 12 seconds after infusion of the Micropaque® gives the best 
impression of the arterial vascular pattern. A proposed vessel for transfer to the 
segment is the a. saphena or a. circumflexa ilium profunda, both paired with a vein. 
Both have sufficient length to transplant them into the anterosuperior segment of the 
femoral head (Fig. 2.1.12). 
FAXITRON-PICTURES 
The Micropaque® was clearly seen in the diaphysis of the specimens. The segment was 
slightly more radiolucent, probably due to the lack of Micropaque® in the segment. 
This means that at the time the Micropaque® was given, no vascularity existed in the 
anterosuperior segment of the femoral head. Micropaque® , tufts of radio-opacity 
were seen in the granulation tissue in preparation nr. 9-81. All preparations showed a 
good position of the segment. 
MACROSCOPY 
Inspection showed that all the wounds were perfectly healed. The scar tissue was 
minimal. The joint capsula had healed. The Vycril® -sutures were still visible, but 
could easily be removed. 
Both femora were completely removed and stripped of excess soft tissue (Fig. 2.1.13). 
They were put in a solution of 7 parts alcohol 96% and 3 parts formol 4% for 24 hours. 
Directly postsacrifice and 24 hours after fixation the segment was tested for clinical 
loosening. Only preparation nr. 9-81 showed a clear loosening of the segment. All other 
preparations were tightly fixed and even instrumental manipulation did not loosen 
them. 
Directly postsacrifice a difference between the yellow colour of the segment and the 
purple colour of the rest of the femoral head was noticed. The cartilage of the vital part 
of the femoral head had a normal pink colour. 
The articular cartilage of the segment looked vital, but was softer than the rest of the 
femoral head cartilage. Only in goat nr. 9-81 growth of granulation tissue between the 
segment and the rest of the femoral head was clearly seen. 
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Fig. 2.1.13 
Macroscopic specimen six weeks after avascularization of the anterosuperior segment. A normal layer of 
cartilage. No signs of collapse of the segment. 
Fig. 2.1.14 
Microangiography of an avascular segment in the sixth postoperative week. No vessels filled with 
Micropaque® vissible in the segment. 
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MICROANGIOGRAPHY 
In all 5 goats, our original protocol was followed (Rhinelander, 1962). In goat nr. 9-81, 
the goat with the loose segment, the microangiographs showed enormous amounts of 
granulation tissue between the segment and the femoral head. Granulation tissue grew 
around the corners of the segment. This granulation tissue contained many blood 
vessels, but in the segment no Micropaque4, was seen. 
Most vessels seen in the microangiogram were of capillary diameter. 
Many venous sinusoids were visible in the femoral shaft, but in the femoral head only a 
few were filled with Micropaque® . In the shaft even some collecting veins were seen. 
The contralateral femoral head served as a control. 
In all the other specimens, goats nr. 10-81, 11-81, 12-81 and 13-81, the segments were 
well fixed. The overall trend was the same in all microangiograms. The operated 
femoral heads all showed a good technical result of the microangiography. All arterial 
and venous systems were filled with Micropaque5, . 
Important is, that no arterial or venous vessels were visible in the anterosuperior 
segment of the operated left femoral heads (Fig. 2.1.14). In the specimens 10-81 and 
11-81 a possible extravasation of Micropaque® was visible along the cement layer. In 
these specimens Sulfix PMMA-bone cement with bariumsulphate was used. 
Micropaque® also contains bariumsulphate. Hence, it might have been an artefact, in 
particular because no direct connection with granulation tissue was noticed. 
In two specimens, 12-81 and 13-81, there was a small amount of connective tissue on 
both sides of the cement layer, but no real ingrowth into the segment was seen. The 
cement layer was overgrown with the remains of the teres ligament. 
MICROSCOPY 
A: CONVENTIONAL MICROSCOPY 
All the segments were avital. Only dead bone with empty lacunae were seen. There were 
no osteoblasts or osteoclasts visible (Fig. 2.1.15 and 2.1.16). Essential to the fate of the 
segment is the amount and quality of the interface, which in some cases had grown 
around the cement barriers. In the segment of goat nr. 9-81 a thick interface of a 
vascular fibrous tissue was visible. This caused loss of bone along the cement barrier. 
However, the main part of the segment remained avascular. 
The segments of goats nr. 10-81 and 11-81 were also completely avascular and were 
surrounded by a very thin layer of loose fibrous tissue with no blood vessels. The 
segment of goat nr. 12-81 and 13-81 showed the sameeffects, but here some loss of bone 
was seen due to vascular fibrous tissue which had grown around the cement layer at the 
site of the teres ligament. 
B. TETRACYCLINE LABELING 
In the specimens 10-81 and 11-81, the bariumsulphate of the cement layer was clearly 
visible. In all sections these layers were intact. All sections showed that there was no 
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Fig. 2.U5 
Avascular segment after six weeks. No changes of the bone structure or the shape of the segment. Articular 
cartilage covers the surface. The optically empty spaces were filled with PMMA-cement (—). 
(Stain: HE Magnification: 14x). 
Fig. 2.1.16 
Detail of the cement barrier ( —). On the left side the avascular segment after six weeks. Osteoblasts, 
osteoclasts and bone marrow tissue are absent. On the right side normal vital bone with osteocytes, 
osteoblast linings and bone marrow tissue. 
(Stain: HE Magnification: 56x). 
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tetracycline labeling in the bone of the anterosuperior segment of the left femoral heads 
(Fig. 2.1.17). Only the corners showed a little fluorescense close to the cement layer and 
the cartilage. The control femoral heads showed a clear and marked double line 
labeling throughout the whole section. 
The cartilage contained some tetracycline in the area of interstitial growth, the cell nests 
near the subchondral bone. The subchondral bone was completely free of labeling. The 
tetracycline did diffuse from the synovial fluid into the cartilage. Any other way would 
be impossible, because the segment was completely avascular. 
Fig. 2.1.17 
Ultraviolet light microscopy. The avital bone on the left side of the cement barrier has no tetracycline 
labeling. Vital bone on the right side of the cement barrier is labeled (arrows). 
11.1.3 CONCLUSIONS 
The goat is a suitable animal for the experiments. She is strong and even repeated 
anaesthetic and operative procedures did not decrease the general condition. The 
dorsolateral exposure of the hip joint is not difficult and the wounds healed without 
excess scar tissue. The exposure became the standard procedure for all the experiments 
to follow. The exposure, removal and replacement of the anterosuperior segment of the 
femoral head was successful. Radiographs, Faxitron no-screen radiographs, 
microangiograms and the microscopic examinations showed clearly that the procedure 
followed had the predicted effect. The segments remained avascular for a period of at 
least six weeks. Only the very first segment, goat nr.9-81 had a loose segment. The 
procedure to avascularize the segment became the standard procedure for the 
experiments to follow. 
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II.2 MICROANGIOGRAPHIC TECHNIQUE 
This study was done to practice, improve and standarize the microangiographic 
technique and to see if this technique was a reliable method in our animal model. 
INTRODUCTION 
The standard microangiographic procedure we followed till 1982 was the same as 
described by Rhinelander (1962). The animal receives general anaesthesia, but is not 
intubated. The abdominal cavity is opened via a transperitoneal exposure. The aorta 
and the vena cava are exposed and the animal is given 5000IU héparine IV. The animal 
receives finally an overdose of 10 cc Narcovet® and at the same time the vena cava is 
proximally ligated. A cánula is introduced into the vein and fixed with another ligature. 
The aorta undergoes the same procedure. The cánula in the vena cava acts as a drain, 
the outflow. The cánula in the aorta acts as an infusion, the inflow. Before introduction 
both canula's are filled with normal saline and the whole system is checked for 
airbubbles (Fig. 2.2.1). 
Finally the aortic cánula is connected with the perfusion bottles. The microangio-
graphy system consists of 2 perfusion bottles, an U-tube pressure system, and the house 
pressure line with a manometer (Fig. 2.1.10). The main pressure is delivered by the 
house line and set to a pressure of 120 mm Mercury, using an opentube fluid (H20) 
manometer. 
The inflow pressure should be the same as the systolic blood pressure of the animal. In 
goats the average systolic blood pressure is 120 mm Hg. A higher pressure will damage 
the small blood vessels, a lower pressure will diminish the filling of the vessels and thus 
the quality of the microangiograms. After the pressure is set at 120 mm Hg the valves of 
the perfusion bottle I are opened. This bottle is filled with a solution of 30% 
Micropaque® in normal saline. One liter of Micropaque® is perfused in the arterial 
system. When bottle I is empty, the valves are closed and the valves of bottle II are 
opened. One liter of 15% Micropaque® in a buffered formol solution of 4% is 
perfused into the arterial system. A continuous drainage is maintained via the vena 
cava cánula. When the perfusion is completed the whole system can be closed by 
ligating both the vena cava and the aorta after removing the inflow and outflow 
catheters. 
Both femora can then be removed and put in a fixation solution of 7 parts alcohol 95 % 
and 3 parts buffered formol 4%. The specimens remain in this solution for 24 hours. 
After that period both femora are stripped of excess soft tissue with care taken not to 
damage bone or periost. Another fixation period of 3 days in 4% buffered formol 
follows and after that period both femoral heads are cut in 2 more or less equal parts 
with a 1 mm jig saw (Fig. 2.2.2). 
One part designated for microangiography and conventional microscopy is decalcified 
in EDTA (Ethylene-Diamino-Tetra-Acetic acid). The decalcification is controlled using 
no-screen radiographs. The other part is grinded down to sections of 200 microns for 
Ultra Violet-light microscopy on tetracycline labeling. When decalcification is 
completed, the tissue is embedded in Plaster of Paris and cut into 1 mm thick sections. 
From these the microangiograms are made on Kodak 35 mm Stereoscopic Safety film 
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Fig. 2.2.1 
Perfusion with Micropaque® for microangiography. The abdominal cavity is opened. The inflow cánula 
open and the outflow cánula closed with a forceps. 
Fig. 2.2.2 
Femoral head and segment divided into two nearly equal parts. 
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in the Faxitron 43805 NX-Ray-system. The X-ray films are placed between glass, 
embedded in plastic and ready for examining with a micorscope with a large field or 
any other magnification. 
In the literature several authors used some alterations to the protocol of Rhinelander 
(1962). All these alterations were thought to have their specific advantages. Figley 
(1964) used an extra perfusion of one liter of normal saline preceeding the perfusion 
with Micropaque® and this would prevent obstruction of the smaller vessels. Draenert 
(1978) used an extra perfusion with Ringer's solution and added also 0.2 gr 
papaverine/liter to prevent vasoconstriction during the infusions. Albrektsson (1981) 
injected intravenously 5 cc Xylocaine 0.5% to prevent vasoconstriction during the 
infusions. These different methods were evaluated in the goat experiments. 
11.2.1 MATERIAL AND METHODS 
Four methods were tried on four different goats: 
1. protocol Rhinelander (1962), goat number 90-82, 
2. protocol Rhinelander with 30 mgr papaverine added to the first infusion bottle, goat 
number 46-82, 
3. extra perfusion with normal saline only (Figley, 1964), goat 47-82, 
4. extra perfusion with normal saline and papaverine 30 mgr/liter (Draenert, 1978), 
goat 48-82. The results of the microangiograms, again made on Kodak 35 mm 
Stereoscopic Safity film, were compared. 
II.2.2 RESULTS 
The results of the microangiograms of goat nr. 90-82 were the similar to the angiograms 
of the 1981 specimens. 
The photographs of nr. 46-82 showed very good filling of the arterial and venous 
systems. Especially the venous system was better visible in the operated, but also in the 
unoperated specimens. 
The photographs of 47-82, both with the extra perfusion, showed a nearly empty 
arterial system. Only the very small subchondral capillaries were better visible. 
Probably the drainage of the Micropaque® to the veins is better. The combination of 
additional perfusion and Eupaverin® gave a very bad filling of the femoral head. 
We decided that 46-82 gave the finest results, suitable for our experiments (Fig. 2.2.3). 
II.2.3 CONCLUSIONS 
In this experiment we standardized our equipment and procedures. 
Because specimen nr. 46-82 gave the best results we therefore followed in our future 
experiments Rhinelander's instructions (1962) and added the intravenous injection of 
30 mgr Eupaverin® , as was advised by Draenert (1978), prior to the injection of 
heparin. 
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Fig. 2.2.3 
Microradiograph of a decalcified section. 
Micropaque visible in the vital part (arrows). 
The avital bone of the segment is completely free of Micropaque® . 
II.3 REVASCULARIZATION TECHNIQUE 
This third pilot study was done to develop the technique to create an arteriovenous 
bundle and to transplant this bundle into the avascular anterosuperior segment of the 
femoral head of a goat, for the purpose of active revascularization. 
II.3.1 MATERIAL AND METHODS 
Four healthy female goats, numbered 6-82 ,7-82, 9-82 and 16-82, were operated 
according to the standard procedure described in the previous sections. The 
anterosuperior segment was isolated and in the same procedure the arteriovenous 
bundle was transplanted into the anterosuperior segment via a 2.7 mm drill hole 
through the cement layer (Fig. 2.3.1). 
In the first pilot study, selective angiography via the abdominal aorta was performed 
prior to the microangiography, to investigate the vascular anatomy of the goat (Fig. 
2.1.12). Based on this vascular study, and experience from the previous operations, the 
arteria and vena circumflexa ilium profunda were selected for transplantation. 
More specifically, the skin branch was chosen because it seemed long and wide enough, 
but not too wide. The removal of this bundle from its original site would probably 
cause no damage to the tissues, nor alter or influence the normal vascular supply of the 
hip joint and the femur. 
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Fig. 2.3.1 
Drilling a 2.7 mm hole through the cement barrier into the segment (marked with an arrow), 
Fig. 2.3.2 
Prepared arteriovenous bundle with natural layer of fat. 
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The AVBT, the skin branch of the arteria and vena circumflexa ilium profunda, with its 
intact microcirculation (Hori, 1973,1978,1979,1981) was prepared with a natural layer 
of (unremoved) fat (Fig. 2.3.1). All its small branches were ligated with Vycril® 5-0 
sutures. At its distal end, both vessels were ligated with one Vycril® 4-0 suture, 
approximately 3 cm above the knee joint. The AVBT was transplanted lateral over the 
m. vastus lateralis and medial under the mm. glutei and m. tensor fascia lata. During 
the whole procedure the pulsations remained intact and spasm was stopped by rinsing 
the AVBT with Xylocaine 0.5% solution. With a 2.7 mm drill-bit the cement layer was 
perforated and a tunnel was made into the segment. The AVBT was implanted in the 
tunnel and fixed with a single suture through the fat layer, fixing it to the joint capsula. 
No further fixation was needed. The capsula was closed, but a fenestration remained 
for the AVBT to pass freely into the anterosuperior segment. Finally, the wound was 
closed according to the protocol when the pulsations in the AVBT remained strong and 
regular. Two goats, number 7-82 and 16-82, were radiographed under general 
anaesthesia at the Radiographic Department of the University Hospital to make the 
selective angiograms. The two other goats, number 9-82 and 6-82, had the angiography 
conducted at the theatre of the CAL, using a simpler procedure via the femoral artery, 
on the left and/or the right sides. 
Microangiography was done prior to the sacrifice via the same canula's in the aorta and 
vena cava as used for the selective angiograms. The procedure, described in the 
previous part of this chapter, was used. Immediately after sacrificing the animals, both 
femora were removed and the femoral heads processed to make decalcified sections for 
conventional microscopy. 
II.3.2 RESULTS 
SELECTIVE ANGIOGRAPHY 
Goat number 7-82 died during the angiography, performed via the right carotic artery, 
due to massive thrombolic embolism on the 7th day postoperative. 
Goat number 16-82 underwent the same procedure the second week after the opera-
tion. There was a lack of oxygen during the procedure and the goat was decerebrated. 
However, the radiographs showed a clear filling of AVBT up to the femoral head (Fig. 
2.3.3). The goat was sacrificed 24 hours later. 
Goat 6-82 was radiographed in the 3rd and 5th week postoperative via the right and left 
femoral arteries. Finally, a wound infection occured. On both occasions the AVBT was 
filled with contrast but not all the way to the femoral head. It looked like the AVBT was 
not fixed any more in the segment. 
Goat 9-82 had the angiography in the first, second and fourth week postoperatively 
under general anaesthesia, and in the fifteenth week postoperatively when she was 
sacrificed. In all procedures the right and left femoral arteria were cannulated. From 
the first week until the fifteenth week postoperatively the AVBT was clearly visible and 
filled with contrast. 
MICROANGIOGRAPHY 
The pictures made from the controls showed a marked and clear microangiogram. The 
segment in 6-82 was mainly filled with small blood vessels. The segment was intact and 
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Fig. 2.3.3 
Selective angiography the 2nd week postoperative. The transplanted AVBT clearly visible (arrows). 
no loss of bone was seen. The segment in 9-82 and 16-82 showed loss of bone especially 
in areas with large conglomerates of blood vessels. 
HISTOLOGY 
Two goats were sacrificed 15 weeks after the transplantation. In both specimens, 6-82 
and 9-82, a layer of dense connective tissue, so-called interface, was seen in the saw slit. 
In connection to the interface bone resorption was seen. More central in the segment 
the interface consisted of a loose type of granulation tissue and appposition of new 
bone on the old dead trabeculae was seen. However, in specimen 6-82 the main part of 
the segment was still avascular and in specimen 9-82 the main part was resorbed and 
replaced by dense fibrous tissue. 
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II.3.3 CONCLUSIONS 
The AVBT remains open till the fifteenth week postoperative. Three goats showed a 
filling with radiographic contrast from the first week postoperative onwards. The 
AVBT does not open secondarily but remains open from the beginning due to the intact 
microcirculation. The operative procedure is not difficult; however, the fixation of the 
AVBT in the segment needs improvement. 
Personal correspondence with Dr. Y. Hori in Japan and the translation of his original 
article, written in Japanese Characters, by Dr. H. Yokota, Sprang-Capelle (1982), 
thaught that fixation with a splinter of cortical bone anchors the AVBT securely in the 
2.7 mm drill hole in the segment. This procedure became standard throughout the 
further experiments. 
II.4 INTRODUCTION TO THE EXPERIMENTS 
In the next chapters, the mechanical properties, strength and stiffness, and the 
radiographic and histomorphological aspects of avascular and revascularizing cancel-
lous bone in the femoral head of an African pygmy goat will be discussed. In the 
literature, several authors report about the mechanical properties of human, canine 
and bovine cancellous bone, but the values for normal goat cancellous bone are not 
available. 
The following experiments were done: 
-mechanical testing, and radiographic, and histomorphological examinations of 
normal cancellous bone in the femoral head of a goat. Three human, post mortem 
femoral heads were also mechanically tested to serve as a control for the used methods 
and to compare the values of strength and stiffness with those of goat cancellous bone 
(Chapter III), 
- mechanical testing, radiographic, and histomorphological examinations of avascular 
cancellous bone in the femoral head of a goat (Chapter IV), 
-mechanical testing and radiographic, microangiographic and histomorphological 
examinations of revascularizing cancellous bone in the femoral head of a goat. In this 
experiment the cement barrier between the avascular anterosuperior segment and the 
remaining vital part of the same femoral head was interrupted with a 2.7 mm drill 
hole. Spontaneous, passive revascularization was allowed to proceed (Chapter V), 
-radiographic, microangiographic and histomorphological examinations of the 
revascularization of the avascular anterosuperior segment by means of a AVBT, 
transplanted into the segment via the above mentioned drill hole. Mechanical testing 
on a materials testing machine was not done, because the histomorphological aspects 
were the prime object of this study. However, all hips were loaded in vivo under 
normal weightbearing conditions (Chapter VI). 
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CHAPTER III 
MECHANICAL PROPERTIES OF NORMAL 
CANCELLOUS BONE 
111.1 INTRODUCTION 
Cancellous bone, a complex composite biomaterial, has recently received much 
attention in the literature. Several researchers have attempted to define and assess its 
material properties with respect to such tissue variables as apparent density, area 
fraction, trabecular orientation, age and anisotropy (Carter and Hayes, 1977; Galante, 
1970; McElhaney, 1970; Rice et al., 1988; Weaver and Chalmers, 1966). Most studies 
have dealt with cadaveric bone from different locations of "normal" individuals. 
Several research groups have recently published work concerning cancellous bone 
material. These publications have not only revealed the material properties of this 
tissue but also, in many instances, have dealt with theoretical models to predict its 
behavior. 
Generally, mechanical testing of cancellous bone has involved compression testing in a 
materials testing machine, using porous platens, low cross head speed and fixation of 
the samples in PMMA to compensate for unparallel sample ends. 
Specimens usually had a cylindrical or square geometry with a known cross-sectional 
area (Fig. 3.1.1). 
LOAD 
CROSSHEAD 
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Fig. 3.1.1 
Schematic drawing of an unconfmed compression of a trabecular bone specimen. The porous platen allows 
fluid to escape. 
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M A T E R I A L P R O P E R T I E S R E L A T E D T O A T I S S U E V A R I A B L E 
Because cancellous bone composition and structure vary within the tissue, 
experimentally determined strength and stiffness values were usually related to 
various tissue variables, including apparent density (density App=mass/bulk 
volume), real density (densityR=mass/tissue volume), area fraction (Af=cross 
sectional trabecular area/cross-sectional bulk area). Galante et al., (1970) and 
McElhaney et al., (1970) attempted to correlate strength and stiffness variations with 
apparent density. More recently, several other researchers such as Ashman et al., (1987), 
Carter and Hayes (1976, 1977), Ducheyne et al., (1977), Keller et al., (1986), Lindahl, 
(1976), Rohlman et al., (1980) and Vahey et al., (1987) have followed the same path. 
Behrens et al., (1973) and also Williams and Lewis (1982) related strength versus area 
fraction. 
Galante (1970) and Behrens (1973) attempted to correlate strength with real density, but 
did not obtain a strong correlation. Ducheyne (1977) stated that his results indicated no 
relationship between mineral content and strength. Two important questions were 
addressed in the literature. The first is, which tissue variable most completely accounts 
for material property variations, and the second is, wether the correlation between the 
tissue variable and the material property is linear, squared or cubic. 
The first question is difficult to answer, since a single variable cannot fully account for 
material property variations. These properties are dependent on many factors, 
including porosity, trabecular orientation, and composition. Apparent density, 
however, is readily determinable and to date appears to correlate most consistently with 
strength and, to a lesser degree, stiffness. 
Regression analysis presents another problem. The tissue properties often provide 
strong linear and power-fit correlations. Galante (1970), Ducheyne (1977), Rohlman 
(1980), Ashman (1987), Keller (1986), Vahey (1987), Schoenfeld et al. (1973) and Rice et 
al. (1988) found linear relations between apparent density and strength. Behrens (1973) 
and Williams and Lewis (1982) obtained linear relations between area fraction and 
strength. Yet, McElhaney's work produced more significant power-fit correlations 
between strenght and stiffness, and apparent density. Carter and Hayes (1976, 1977) 
provided perhaps the most insight into regression analysis with respect to cancellous 
bone. Over the full apparent density range of human cancellous bone, they obtained a 
linear strength versus apparent density relation. Yet combining tested human and 
bovine cancellous bone with human and bovine cortical bone, they derived a highly 
significant power-fit curve. Recently, work by Keller (1986) and Ashman (1987) 
confirmed the data of Carter and Hayes. 
Dependence in trabecular bone mechanical properties as functions of apparent density 
are best represented by a power relationship, y=ax'5. Carter and Hayes found the 
exponent b in the relationship between strength and apparent density to be 
approximately equal to 3, by combining cortical and cancellous bone. However, it is 
very unlikely that cortical bone material has the same elastic modulus as cancellous 
bone (Rice et al., 1988). 
Thus, the work to date indicates that over a narrow apparent density range, concerning 
a single type of bone, a linear or weakly non-linear relationship in suitable to model the 
dependence of strength and stiffness of apparent density. Over a wider apparent 
density range, and concerning both cortical and cancellous bone, power-fit regressions 
give better results. 
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VARIATIONS IN STRAIN RATE. 
Strain rate has been shown to affect the results of cancellous bone testing. Galante 
(1970) concluded that testing at a higher strain rate increases the compressive strength 
significantly. McElhaney (1970) stated that if the viscous fluid phase of the bone 
contributed to the stiffness, then one would see a strain rate effect in test results. 
Carter and Hayes (1976, 1977) completed extensive work on the effect of strain rate 
with respect to mechanical properties, proposing mathematical relations between the 
properties strength and stiffness, and the strain rate. 
Their equations maintain that strength and stiffness are proportional to the strain rate 
raised to the 0.06 power. Thus, they found a very weak dependence of material 
properties on strain rate; i.e. if the strain rate varies between 0.00001 and 100,000 the 
material properties vary only by a factor of four. It must be noted however, that these 
results are based on unconfined compression tests, where fluid is free to flow out of the 
specimens. 
The evidence cited above indicates that cancellous bone behaves as a visco-elastic 
material. The weak dependence, however, of material properties on strain rate suggests 
that in many instances cancellous bone can be viewed as an elasto-plastic material; i.e. 
a material whose constitutive equation is a function of strain, not of strain rate 
Macroscopically, this point is supported by the stress-strain curves derived from 
numerous compressive tests. 
VARIATIONS OF MATERIAL PROPERTIES WITH LOCATION AND DIRECTION 
Following initial material property determinations and modeling of cancellous bone, 
several researchers became interested in mapping variations of properties within the 
bones, while others wished to demonstrate directional variations of the tissue. Behrens 
(1973) presented evidence of strength variations within the tibial and femoral condyles. 
In both instances the medial condyles displayed higher strength values than the lateral 
ones. Rohlman (1980) disputed these findings after their investigations concerning the 
proximal and distal femur. Their results suggest that the lateral condyle is definitely 
stronger than the medial condyle. They also demonstrated that the values for the 
material properties of the femoral head were higher than those of the femoral condyles. 
and they reconfirmed the findings of Ducheyne (1977), in which evidence was given of 
strength and stiffness increasing from proximal to distal in the femoral condyles. 
Brown (1980) mapped contours of stiffness variations in the femoral head, which 
correspond to radiographs. They concluded that strength and stiffness were lower in 
the intertrochanteric region as compared to the head of the femur. 
Townsend (1975) found variational trends in stiffness in the patella. Schoenfeld et al., 
(1973) stated that they found no significant variational trends of strength with respect 
to location in the femoral head, i.e. they obtained a random scattering of strength 
variations. Keller (1986), and again Ashman (1987) and Vahey (1987), published results 
which confirm that location and trabecular orientation are a significant factor 
affecting moduli of bone. 
Rohlman (1980) published valuable information to the effect that there is no significant 
difference in average values of material properties of cancellous bones from the left 
and right limbs from the same body. 
Concerning direction. Galante (1970) obtained differences in vertebral strength with 
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respect to superior-inferior, antenor-postenor and lateral-medial loading. Their tests 
indicated that the superior-inferior direction was the strongest. 
Later, Townsend (1975), Brown (1980), Rohlman (1980), and Williams and Lewis (1982) 
determined significant variations in both strength and stiffness with respect to loading 
direction in the patella, femoral head, femoral condyles, and tibial plateau. Evidently, 
depending on the local structural directionality of the trabecular structure, cancellous 
bone may be strongly anistopic. 
VARIATIONS OF MATERIAL PROPERTIES WITH AGE AND SEX 
Weaver and Chalmers (1966) presented conclusive evidence that strength decreases 
with increasing age, after the age of 40. They concluded that osteoporosis is a normal 
indication of aging. However, they did not show whether the decrease in strength was 
due only to a decrease in apparent density with increasing age or whether there was 
actually a difference in bone quality with increasing age. They did notice a difference in 
strength between males and females after age fifty. These findings were confirmed by 
Lindahl (1976), who also concluded that significant variation in yield and ultimate 
strength existed between male and female, with the properties being higher in men. 
Keller (1986) stated that the earliest and most prevalent changes in cancellous bone 
occur in osteoporosis and aging, when the trabeculae become thin and sparse. He 
found an interdependency of lumbar vertebral trabecular changes and bone strength. 
FAILURE MECHANISMS 
To effectively model cancellous bone as a structural material to study fracture 
mechanics, information about the mechanisms of failure at the microscopic level is 
important. Several theories have been proposed, derived from experimental 
observations as well as from theoretical analysis. Behrens et al (1973), in an attempt to 
model the variable strength of cancellous bone, using area fraction as a tissue variable, 
assumed compressive failure to be caused by shear fracture (Fig. 3.1.2). Furthermore, 
they assumed that in the structural lattice work, cross-struts (bracing-struts) incurred 
no buckling behaviour. 
Pugh et al (1973) suggested that the failure mechanism was due to bending and 
buckling, but that minor fatigue fractures also occured. Their analysis separated into 
two problems: a membrane problem (axial stresses) and a transverse bending problem. 
These effects were superimposed to calculate the total behaviour. This analysis 
provided information suggesting that plate bending was certainly an important cause 
of failure. 
Townsend et al., (1973) tested individual trabeculae in compression. They concluded 
that individual trabeculae fail by ductile buckling in the wet state and by brittle 
buckling in the dry state. (Fig. 3.1.3) From their work they determined that in vivo 
trabeculae must undergo inelastic buckling. 
Carter and Hayes (1976, 1977) compared the mechanical behaviour of bone to that of 
fluid-filled porous materials. In their work the basic assumption was that trabeculae 
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Fig. 3.1.3 
Buckling stress vs slenderness ratio for elastic (Euler) and inelastic (Engesser) buckling (after Townsend, 
1973). 
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fail by bending and buckling; however, photographs taken by them under the 
microscope also indicate that shearing is present (Fig. 3.1.4). 
Fig. 3.1.4 Tracing of Carter and Hayes photograph showing both shearing and buckling. 
Ducheyne (1977) tested cancellous bone at both low and high strain rates. Their results 
show that trabeculae fail by transverse splitting or by shearing of lamellae. Increases in 
compressive strength, they suggested, are due to thickening of trabeculae parallel to the 
loading direction and to increases in the number of trabeculae perpendicular to the 
loading direction. Theoretically, this suggests failure by bending or buckling, as both 
of the above effects decrease the tendency for these phenomena to occur. 
Brown and Ferguson (1982) assumed, in their model, the failure mechanism to be 
buckling and fracture of individual trabeculae. However, their model indicated that 
such assumptions produced failures only at supraphysiological loads; therefore, they 
concluded that failure must be due to fatigue. 
CANCELLOUS BONE MODELS 
In an early attempt to model the complexities of cancellous bone, McElhaney et al 
(1970) proposed a porous block model, i.e., a model in which the macroscopic bone is 
represented as a finite number of small cubical elements arranged to form a 
transversely isotropic porous cube. The cubical elements were assumed to be composed 
of compact bone. Furthermore it was assumed that the absence of a cube did not alter 
the position or behaviour of the surrounding elements. Thus the model simulates 
stiffness for two loading cases, axial and transverse. 
Although the model is only able to describe macroscopic behaviour, it is interesting to 
note that it predicts stiffness to be proportional to apparent density raised to the third 
power. Thus, this first order model lends support to the experiments of Carter and 
Hayes (1976, 1977), who determined stiffness to be approximately proportional to 
apparent density raised to the third power also. 
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Carter and Hayes (1976, 1977) chose to compare cancellous bone to a rigid cellular 
plastic. They hypothesized, as did McElhaney et al., (1970), that microscopically, bone 
could be viewed as a single material, i.e. microscopically cortical and cancellous bone 
have the same material properties and behave mechanically in the same manner. 
In their conclusions. Carter and Hayes stated that such a model is useful in dealing with 
large variations in apparent density, but is not refined enough to deal with small 
variations in apparent density because the effects of trabecular orientation, marrow 
flow, and mineralization are omitted. 
Townsend et al., (1975) made use of a sheet-and-strut model to account for variations in 
cancellous bone stiffness (Fig. 3.1.5). They assumed in their model that the struts 
carried no load and they neglected the bending and buckling of the sheets. 
Fig. 3.1.5 Schematic of trabecular arrangement and resulting idealized model (after Townsend, 1975). 
The model, they stated, demonstrated good agreement with experimental results, so 
long as loading occured parallel to the sheets. 
Several models involving finite element methods have been described by researchers. 
Pugh (1974) developed a parallal sheet model dealing with bone behaviour directly 
beneath the articular cartilage (Fig. 3.1.6). They assumed that the properties of the 
subchondral plate 
1,2,3,4&5 
trabeculae 
Fig. 3.1.6 
Schematic of parellel sheet model of trabecular bone directly beneath the articular cartilage (Pugh, 1974). 
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trabeculae were identical to those of compact bone. The small displacement analysis 
was linear, elastic, and static with the subchondral plate being loaded to 100 psi. Small 
deflection theory was assumed, and the plate thickness was small compared to plate 
length and width. Thus normal and shear stresses in the thickness plane were neglected. 
Results from the model provided two conclusions: 
- In order to obtain agreement between the model and experimental results, it was 
necessary to increase plate spacing and/or reduce plate thickness. This suggests that 
the modulus of trabecular bone material is indeed less than that of cortical bone 
material. 
- The model definetely indicated that plate bending was a primary mode of 
deformation and failure. 
Brown et al., (1982) proposed a Finite Element Model to analyze femoral head collapse 
due to osteonecrosis. The model was a small deformation, plane-strain, elasto-plastic 
analysis using initial stress techniques. Loading occurred incrementally. Continuum 
theory was assumed in both pre- and post-yield regions. Such an assumption is readily 
supported by numerous stress-strain curves of tested cancellous bone, which depict, 
macroscopically, classical elasto-plastic behaviour. 
Using wedge shaped zones to represent necrotic zones, they concluded that the collapse 
process depends not only on a detour from elastic behaviour, also on the relationship 
between local stress and the diminished apparent yield strength due to revasculariza-
tion. 
Cancellous bone is an extremely porous, composite material in which pore volume can 
range between 30% and 90% of the overall bulk volume. In addition, an irregular 
lattice work of trabeculae forms the mechanical structure of such bone. Any type of 
mechanical testing of cancellous bone (e.g., testing of the femoral head, vertebrae, or 
the tibial plateau) is thus impaired by its non-uniform porosity and trabecular 
orientation. Hence, in order to derive reasonable conclusions from macroscopic 
mechanical tests, porosity and trabecular orientation must be taken into account. 
Apparent density determinations (apparent density = hydrated weight/bulk volume) 
efficiently incorporate porosity variables. The previous review on the mechanical 
properties (McElhaney (1970), Carter and Hayes (1976,1977), Townsend (1975), Pugh 
(1974), Brown (1982), Williams and Lewis (1982)) and recent literature (Keller (1986), 
Ashman (1987), Vahey (1987) emphasises the importance of trabecular orientation as a 
significant factor affecting the moduli cancellous of bone. 
To obtain reproducible results in the compression tests, relative to the trabecular 
orientation, in all animals, the test specimens must be cored parallel to the longitudinal 
axis of the principal trabecular orientation. The latter was unknown in the femoral 
head of the goat and had to be determined. 
III.2 MATERIALS AND METHODS 
TRABECULAR ORIENTATION 
Six femurs (four right, two left) were obtained from mature experimental goats. 
Maturity was ascertained by the absence of epiphyseal plates. The specimens remained 
frozen until sectioned. 
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After discarding the distal half of the femur, each femoral head was embedded in 
Plaster of Paris for sectioning. The Plaster of Paris jig was secured to the arm of a 
circular saw. Under continuous irrigation, 1 mm thick sections were removed from one 
of three planes: frontal, horizontal and sagittal. Two femurs were sectioned for each 
plane; therefore, a total of six sets of sections were obtained. (Fig. 3.2.1a, b and c). No-
screen radiographs were made of each set of sections; exposure time was 7 seconds at 
25kV. 
fig. 3.2.1a fig. 3.2.1b fig. 3.2.1c 
Frontal plane Horizontal plane Sagittal plane 
Two groups of microscopic slides, one group from frontal sections and one group from 
horizontal sections, were made. To do so, each 1 mm thick section was placed in a 
polyester resin and set in a 20 mm/Hg vacuum for 24 hours. Hardener was then added 
to the resin and the specimen remained in the vacuum another 10 minutes, after which 
it was placed in the freezer at -20oC for 15 hours to retard polymerization. 
Polymerization was then completed at room temperature. After polymerization, 100 
micron thick slices were cut and polished. The slices were secured to glass slides. From 
each slice, no-screen radiographs were taken to picture the trabeculae clearly in the high 
contrast of black and white. 
MECHANICAL PROPERTIES OF NORMAL CANCELLOUS BONE 
TVventy-nine female African pygmy goats were used in this study (Table 3.2.1). 
Maturity was ascertained by absence of an epiphyseal plate on radiographs. In eight 
goats, cancellous bone specimens were cored from both the left and right femoral 
heads. In twenty-one goats the specimens were cored from the unoperated right 
femoral heads, serving as controls in the experiments described in the next chapters. In 
one goat cancellous bone specimens were taken from several different joints, the 
femoral heads, the femoral condyles, the tibial plateaus, the humeral heads and the 
lumbar vertebrae. In the femoral and humeral heads, specimens were cored in the 
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Table 3.2.1 
GOATS (32) 
•-
^orientation studies (3). femoral heads 
intra-individual differences (1) 
unoperated (7) 
avascular (15)^ 
revascularizing 
6 weeks (5)-
. 12 weeks (5) 
~24 weeks(5)-
(6). 
.various locations 
Jeft & right femoral heads 
äleft femoral heads, avascular 
right femoral heads, controls 
. left femoral heads, revascularizing 
right femoral heads, controls 
principal trabecular orientation. In the remaining locations specimens were cored 
parallel to the longitudinal axis of the body. These tests of various locations within one 
individual were performed to collect data to compare intra-individual variation with 
inter-individual variation. 
Fig. 3.2.2 Cylindrical test specimen cored under constant irrigation from the anterosuperior segment. 
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Fig. 3.2.3 Cored test specimen, after machining the ends parellel. 
Mechanical test specimens, cylindrical plugs of 5 mm diameter and 4 mm thick, were 
cored under constant irrigation from the anterosuperior segments of both left and 
right femoral heads of all goats (Fig. 3.2.2). 
After machining the ends parallel, the specimens were stored at -45 °C until testing (Fig. 
3.2.3). The remaining parts of the femoral heads were used for histologic sections. A 
total of sixty-one specimens were prepared for testing. 
As an assessment of the validity of the testing methods and as a means for comparison 
between two species, forty-five human test specimens were cored from three different 
femoral heads: a fifty-four year old left and right femur obtained at autopsy and a 
seventy-two year old right femur obtained after a total hip replacement, immediately 
following fracture. Fifteen specimens, five each at three different levels (superior, 
middle, inferior) were cored from each head parallel to the assumed resultant load axis 
during walking. 
Table 3.2.2 
54 year old male (30) left & right femoral heads 
H U M A N b ( 2 ) - = : -72 year old male (15) right femoral head 
After determining bulk specimen dimensions, the specimens were subjected to 
unconfined compression in a Zwick-materials testing apparatus (Department of 
Materials Sciences, Eindhoven University of Technology). A porous platen 
accomodated any fluid flow present. Crosshead speed was Imm/min and the total 
prescribed deformation was 75% of the original height. Graphs recorded on an 
Hewlett-Packard x-y recorder were used to assess yield strength and elastic modulus of 
each test specimen. 
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Apparent density was used as an indication of porosity. Following testing, bone 
marrow was removed with running water and compressed air. Degassing occurred in a 
vacuum oven, first in 100% ethanol and then in distilled water. The hydrated weight 
necessary for the apparent density calculation was then determined following 
centrifugation at 6000 RPM for fifteen minutes (Carter and Hayes, 1976). 
III.3 RESULTS 
After sacrifice, both femora were removed and stripped of excess soft tissues. The 
femoral heads were inspected for disease or damage and none was found in the 
unoperated femoral heads. All twenty-nine specimens were healthy without any sign of 
osteoarthritis or congenital hip disease. 
PRINCIPAL TRABECULAR ORIENTATION 
FRONTAL PLANE 
Trabeculae were arranged perpendicular to the subchondral plate, extending 
approximately 2 mm towards the centre of the femoral head. Distinct longitudinal 
trabeculae running 20° off the longitudinal axis of the femoral shaft were seen to 
converge in the calcar region. The trabeculae in the centre of the femoral head appeared 
to be randomly orientated but the arrangement was more dense and contained many 
cross-links (Fig. 3.3.1). 
HORIZONTAL PLANE 
Again the trabeculae were arranged perpendicular to the subchondral plate throughout 
the whole femoral head, but at the femoral head-neck intersection the arrangement was 
in a medial-lateral direction. The trabeculae again appeared to be more dense towards 
the medial side than the lateral side of the femoral head (Fig. 3.3.2). 
SAGITTAL PLANE. 
To a depth of about 2 mm, trabecular orientation was perpendicular to the subchondral 
plate. Again the trabeculae appeared to be more dense towards the medial side of the 
femoral head and the arrangement was more randomly orientated than the lateral side. 
Very distinct longitudinal trabeculae were observed in the centre sections of the head. 
These trabeculae converged toward the cortical bone of the femoral neck at an angle of 
approximately 20° to the longitudinal axis of the femoral shaft (Fig. 3.3.3). 
Evidently, the most dominant trabeculae in the femoral head are the longitudinal ones. 
These were dominant in both the frontal and sagittal sections. It is easy to understand 
their function. Eventually, all the forces incurred by the surface of the head have to be 
transmitted to the diaphysis. The longitudinal trabeculae can be viewed as the last link 
in this force transmission. One can also reason that their vertical orientation is due to 
the fact that the vertical components of the forces acting on the femoral head 
predominate. 
The observed, yet secondary anterior-posterior trabeculae in the horizontal sections 
are not apparent in the sagittal section as individual, rod-like trabeculae. The sagittal 
section indicate that these trabeculae compose a two-dimensional structure parallel to 
the sagittal plane, in which the longitudinal trabeculae are heavily crosslinked in the 
anterior-posterior direction. 
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Fig. 3.3.1 No-screen radiograph of a frontal section 
Fig. 3.3.3 No-screen radiograph of a sagittal section. 
Fig. 3.3.2 No-screen radiograph of a horizontal section. 
69 
The tendency towards a denser, more randomly orientated trabecular structure in the 
medial region of the head is possibly a means to distribute loads to the more distinct 
longitudinal trabeculae. Because of the multitude of trabeculae crosslinking in this 
region, surface loads can be directed laterally and distally. 
It can be concluded, that the frontal and sagittal sections clearly indicated the presence 
of the principal compressive group of trabeculae. The horizontal section suggested that 
this compressive group can be viewed as a skeletal sheet structure. All three sections 
indicated a more concentrated structure medially than laterally. The specimens of the 
femoral head must be cored parallel to the longitudinal axis of the princ ipal trabeculae, 
in order to obtain reproducible strength and stiffness properties in the compression 
tests, relative to trabecular orientation, in all animals. The foregoing observations 
indicate that vertically cored specimens (Fig. 3.2.2) would be the most suitable for this 
requirement. 
MECHANICAL PROPERTIES OF NORMAL CANCELLOUS BONE 
The mechanical properties, yield strength and Young's modulus of normal goat bone 
were, as expected, strongly related to apparent density (Fig. 3.3.4a and b). 
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Fig. 3.3.4a Yield strength vs apparent density of normal goat cancellous bone. 
Fig. 3.3.4b Elastic modulus vs apparent density of normal goat cancellous bone. 
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Fig. 3.3.5 Cancellous bone from different joints in one animal. (Dept Med. Illustr. KUN). 
Where mechanical properties of goat cancellous bone from six different types of joints 
in one goat (Fig. 3.3.5) were related to apparent density, both yield strength and 
modulus could be modeled as a function of apparent density, using a weak power-fit 
relationship (Fig. 3.3.6a and b). 
We obtained a wide apparent density range, in this particular experiment, while 
essentially eliminating bone composition variations due to intra-individual and intra-
species variations. Because trabecular orientation was accounted for by controled 
coring direction, the graph indicates the tendency of bone of varying apparent density 
to follow an weak exponential pattern in its strength and stiffness values. 
The ranges of the three variables (apparent density, yield strength, elastic modulus), 
listed in Table 3.3.1, are of interest because they differ significantly from those of 
human cancellous bone. Specimens from the femoral condyles and the humeral heads 
comprise the lower ends of the ranges, whereas femoral head specimens produced the 
data towards the upper ends of the curves. 
Table 3.3.1 
Various joints 
Femoral heads 
Human femoral heads 
Apparent density 
(g/cm!) 
0.59 -1.48 
0.80 -1.48 
0.32 - 0.96 
Yield Strength 
(MPa) 
4.7 - 54.6 
11.4-54.6 
1.2- 9.1 
Young's Modulus 
(MPa) 
83.7 -1434.4 
184.6-1434.4 
48.9- 543.4 
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Fig. 3.3.6a Yield strength vs apparent density of normal goat cancellous bone of six different joints in one 
animal. 
Fig. 3.3.6b Elastic modulus vs apparent density of normal goat cancellous bone of six different joints in 
one animal. 
The forty-five specimens, obtained from three fresh human femoral heads, two trom a 
routine autopsy subject and one removed during total hip replacement for a fresh 
femoral neck fracture, respectively fifty-four and seventy-two years old, produced the 
data to check our testing methods against those used in the literature. The produced 
data were also used to compare the mechanical properties of goat cancellous bone with 
those of human cancellous bone, although the total number of specimens was 
relatively small for drawing definite conclusions about the mechanical properties of 
human cancellous bone in general. As shown in Fig. 3.3.8a and b, we obtained a power-
fit relation, best presented by a power relationship, y=axb, and we found the exponent 
b to be approximately equal to 3 for the relation strength versus apparent density and 
approximately equal to 2 for the relation elastic modulus versus apparent density. 
Table 3.3.2 presents a comparison of our human test results with those in the literature. 
The agreement between our results and the range of those published is reasonable. 
Student T-tests indicated no significant variation between the left and right side 
averaged apparent densities of the fifty-four year old femurs, but did indicate 
significant differences between the fifty-four year old femurs and the seventy-two year 
old femur, reinforcing Weaver and Chalmer's findings (1966) (Fig. 3.3.7). No trends 
were discovered concerning variation of apparent density or mechanical properties 
with respect to location, but this is probably due to the relatively small amount of 
specimens. 
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fig. 3.3.8a Compressive strength vs apparent density of all the normal cancellous bone specimens. 
Fig. 3.3.8b Elastic modulus vs apparent density of all the normal cancellous bone specimens. 
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Table 3.3.2 
Published results of human cancellous bone testing. 
Authors 
Weaver & Chalmers 
Galante et al. 
McElhaney et al. 
Behrens et al. 
Townsend et al. 
Townsend et al. 
Carter & Hayes 
Lindahl 
Ducheyne et al. 
Brown & Ferguson 
Rohlmann et al. 
Williams & Lewis 
Current study 
Location 
Vertebrae 
calcaneus 
Vertebrae 
Vertebrae 
Tibial/femoral 
condyles 
Patella 
Individual 
trabeculae 
Tibial plateau 
Lumbar verte-
brae, tibial 
plateau 
Distal intra-
condylar femur 
Proximal femur 
Femoral head, 
femoral cond. 
Tibia plateau 
Femoral head 
Apparent 
density (g/cm') 
0.1 -0.5 
0.47 ± 0.19 
0.3 -1.0 
0.2 -1.0 
0.1 -0.32 
0.34 
0.41 
0.49 ± 0.14 
0.32-0.96 
Strength 
(MPa) 
3-8 
1-5 
4.1 ± 3.4 
3-30 
2-10 
1-10 
1-23 
5-35 
3-12 
3-7 
1.2-9.1 
Stiffness 
MPa) 
152 ± 117 
69-482 
wet: 11,400 psi 
dry: 14,125 psi 
20-350 
2 -140 
58 - 2940 
200-690 
100-600 
100-500 
48.9 - 543.4 
If goat bone is compared to the human bone specimens, the first showed on the average 
to be denser (0.6-1.5 g/cm3), stronger (4.7-54.6 MPa) and stiffer (84-1434 MPa) than the 
human bone tested here (resp. 0.3-1.0 g/cm5; 1.2-9.1 MPa; 49-543 MPa). 
A comparison of the mechanical properties of the cancellous bone of human and goat 
femoral heads is shown in Figure 3.3.9, where the mean and standard deviation for the 
respective variables are given. The differences between the two kinds of specimens is 
obvious. As evident in Fig. 3.3.9, the present combination of human and goat material 
represents a wide range of apparent density values, from about 0.3 to 1.5gr/cm3. Hence, 
the power-fit models to predict yield strength and modulus from apparent density can 
be evaluated with resonable dependency. It must be noted, however, that the validity of 
combining the material of two different species in one and the same model, is doubtful 
(Rice et al., 1988). A strong influence of apparent density on the strength and stiffness 
is apparent. However, a considerable variety was evident as well, indicating the 
additional effects of bone composition and possibly trabecular orientation. 
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III.4 CONCLUSIONS 
As demonstrated in the literature, the mechanical properties of cancellous bone tissue 
can be reasonably modeled as exponential functions of apparent density. Our study 
reinforces this idea. The exponential cancellous bone model of Carter and Hayes (1976, 
1977), has often been questioned in the literature. Although McElhaney et al., (1970), in 
their early work, obtained strong exponential relationships between mechanical 
properties and porosity, Galante et al., (1970), in their early work, and later Lindahl 
(1976), Ducheyne (1977) and Rohlmann (1980) published strong linear correlations 
between cancellous bone mechanical properties and porosity. Martens et al., has again 
questioned the exponential model by demonstrating a strong linear relationship 
between the mechanical properties and porosity of cancellous bone of the femoral 
head. It must be noted, however, that the exponential and linear models are not 
mutually exclusive. The significance of the exponential model is that it describes the 
entire apparent density range, from very porous cancellous bone as in the humeral 
head, to very dense cortical bone, as in the femoral diaphysis. The aforementioned 
linear relationships are adequate only over a smaller apparent density range, as indeed 
Carter and Hayes (1976) have stated in their early work. Our results for a combination 
of all material suggest a quadratic relationship between modulus and apparent density, 
contrarily to the cubic relationship suggested by Carter and Hayes (1976,1977). This is 
no doubt an effect to the inclusion of cortical bone in the correlation analysis by the 
later authors, which, in view of the doubtful assumption that cortical bone and 
cancellous bone are similar materials, is probably not valid. The quadratic relationship 
was reported by others as well (Rice et al., 1988). 
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Our work supports the usefulness of the exponential model over an expanded apparent 
density range, as indicated by the combined human and goat studies of Figure 3.3.8a 
and b. With respect to the model, however, perhaps the more significant results concern 
those of the mechanical properties obtained from bone specimens excised from various 
joints of one individual goat. By testing several joints from one goat we obtained a wide 
apparent density range while essentially eliminating bone compositional variations 
due to different individuals and different species. Assuming that trabecular orientation 
was accounted for by a reproducable coring direction, Figure 3.3.6a and b, then 
indicates the tendency of bone of varying apparent density to follow an exponential 
pattern. 
Finally, and most importantly, this part of the experiments supplied us with data of 
normal cancellous bone material properties in the goat to compare with avascular and 
revascularizing goat cancellous bone. 
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CHAPTER IV 
MECHANICAL PROPERTIES AND 
HISTOMORPHOLOGY OF AVASCULAR CANCELLOUS 
BONE 
IV.l INTRODUCTION 
Although much has been written about the clinical behaviour of avascular necrotic 
bone, in particular about the process of remodelling, called creeping substitution 
(Chapter II), the behaviour of avascular bone itself, in vivo under normal loading 
conditions, is unknown. Several authors have suggested that the final collapse of 
avascular necrotic bone is due to an accumulation of non-repaired microfractures in 
the trabeculae (Brown and Ferguson, 1982; Pugh, 1973). 
However, it is equally feasible that necrotic avascular bone is simply less strong than 
normal bone, for whatever reason. Although the necrotic bone retains its crystalline 
structure it was never actually proven that necrosis has no effect on its strength and 
stiffness. The present experiment was conducted to verify the hypothesis that 
avascular, necrotic cancellous bone retains its mechanical integrity as a structure. 
IV.2 MATERIALS AND METHODS 
Fifteen African pygmy goats were used in this experiment. All were adult female goats 
with an average weight of 19.5 kilograms (17-25). The goats were operated and the 
anterosuperior segments of the left femoral head were removed, cleaned and replaced 
at the original site in the femoral head. A layer of PMM A bone cement served again as 
a means of fixation and as a barrier against spontaneous, passive, revascularization, as 
described in the previous chapter. 
The 15 goats were divided in 3 groups (Table 4.2.1). To study the effects of avascular 
time periods the goats were sacrificed at 6, 12 and 24 weeks respectively. The left and 
right femurs were removed and stripped of excess soft tissues. Both femurs were X-
rayed in the Faxitron X-ray system 43805N, at 50 kV, 2mA and 60 seconds on Kodak 
Industrex MX film to check for changes in radiodensity or loosening of the segment. 
From the femoral heads the test specimens were first removed. The remaining of the 
femoral heads were divided in two nearly equal parts as described in Chapter II. The 
histologic sections, from the decalcified part, were stained with Haematoxylin and 
Eosin and examined by conventional light microscopy. From the non-decalcified part, 
the sections for examination by ultraviolet light microscopy were made (standard 
procedure Chapter II). From the test specimens bone tissue was taken for histologic 
examination. 
Morphometry was used to quantitate the volume of bone and bone marrow spaces. 
The method we used was the point-counting method, TI-59/PC-100 С combination 
(Texas Instruments, authors: M.J. Cloosterman/W.A. Verhoef)· A screen with 36 
measuring-points was projected over the histologic section of the segment, using a 12.5 
χ magnification. For the 36 points per field it was determined how many individual 
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Table 4.2.1 
Year 
1982 
Goat 
28-82 
40-82 
43-82 
45-82 
46-82 
12-82 
17-82 
20-82 
25-82 
35-82 
11-82 
13-82 
26-82 
31-84 
34-82 
OR-date 
131282 
061282 
261182 
031282 
291182 
161182 
151182 
191182 
151182 
161182 
091182 
101182 
051182 
021182 
121182 
Tetracycline 
labeling 
50 mg/kg/btw. 
131282 
061282 
261182 
031282 
291182 
161182 
151182 
191182 
151182 
161182 
091182 
101182 
051182 
021182 
121182 
X-ray 
p.o. 
131282 
061282 
261182 
031282 
291182 
161182 
151182 
191182 
151182 
161182 
091182 
101182 
051182 
021182 
121182 
2<4x> Tetracycline 
labeling 
50 mg/kg/btw. 
200183 
130183 
130183 
130183 
130183 
030283 
030283 
040283 
040283 
040283 
180483 
180483 
140483 
140483 
180483 
Sacrifice 
250183 
180183 
190183 
180183 
190183 
090283 
070283 
110283 
080283 
100283 
260483 
260483 
220483 
220483 
260483 
Postsacr. 
Faxitron 
X-ray 
250183 
180183 
190183 
180183 
190183 
090283 
070283 
110283 
080283 
100283 
260483 
260483 
220483 
220483 
260483 
Weeks 
p.o. 
6 
6 
8 
6 
7 
12 
11 
12 
11 
12 
24 
24 
24 
24 
24 
points corresponded with bone tissue, bone marrow spaces and artefacts. For normal 
bone 62 fields and for avascular bone 140 fields were counted. One field equals 
approximately 8 mm2 of the segment in the histologic section. The percentage of 
volume bone and bone marrow spaces were calculated from the derived figures. 
The mechanical test specimens were cored from the anterosuperior segments of the left 
and right femoral heads as described in Chapter III. The operated segments were the 
avascular specimens and the unoperated vital femoral heads from the right hip joints 
served as controls, the normal cancellous bone specimens (Chapter III). 
IV.3 RESULTS 
RADIOGRAPHY 
All radiographs taken immediately postoperative showed a good position and fixation 
of the segment in the femoral head on the left side (Fig. 4.3.1). 
In the 6 week avascular group all the Faxitron radiographs showed a good position of 
the segments and virtually no signs of loosening. Only in one goat (45-82) a slight 
widening at the vital side of the cement line was seen. In the 12 week avascular group 
and the 24 week avascular group the same pattern was seen as in specimen 45-82. No 
signs of collapse were visible and in all cases the perfect dome shape of the femoral 
head remained intact. There were no differences in radiodensity, between the operated 
and unoperated femoral heads of the individual goats (Fig. 4.3.2). 
Fig. 4.3.1 
Radiograph immediately postoperative. The segment (*) and the cement lines (arrows) clearly visible. The 
hip joint is flexed, abducted and externally rotated. 
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Fig. 4.3.2 
Faxitron radiograph of a six week avascular specimen. Test specimen has been cored (arrow). 
MACROSCOPY 
Immediately after both femora were excised, the femoral heads were inspected for 
segmental collapse and loosening of the left anterosuperior segment. 
Only in the 24-week avascular group, two specimens (31-82 and 34-82), showed signs of 
collapse, but the segments were still in situ. About SO o^ of the bone of the segment in 
specimen 34-82 was replaced by connective tissue. In the segment of specimen 31-82 
this was also seen, but it was just minimal. In all other cases the dome shape of the 
femoral head remained intact and all segments were solidly fixed (Fig. 4.3.3a en b). 
Clearly noticable was the difference between the yellow colour of the avascular 
segments, and the purple colour of the unoperated femoral heads. 
MECHANICAL PROPERTIES OF AVASCULAR BONE 
The average apparent density and yield strength of the normal and avascularized bone 
specimens are depicted in Fig. 4.3.4, together with their standard deviations. 
Essentially no significant difference was discovered in either apparent density or yield 
strength of avascularized cancellous bone, up to twenty-four weeks after 
avascularization, when compared to normal bone. Succinctly, the experimental data 
suggest that the strength of avascularized, isolated cancellous bone does not change 
immediately upon nor with increasing time of avascularization, up to twenty-four 
weeks after in situ isolation (Table 4.3.2). 
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Fig. 4.3.3a 
A six week avascular segment in the femoral head of a goat. 
Fig. 4.3.3b 
One part of the same specimen after division with the hand saw. 
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Fig. 4.3.4 Avascular goat cancellous bone compared to normal goat cancellous bone 
Table 4.3.2 
6 wks. avascular 
12 wks. avascular 
24 wks. avascular 
total avascular 
normal bone 
Apparent density 
(g/cm') 
0.88 -1.38 
1.14 -1.44 
1.20 -1.43 
0.88 -1.44 
0.80-1.48 
Yield Strength 
(Mpa) 
26.6-42.4 
29.9-39.5 
22.8-45.2 
22.8-45.2 
11.4-54.2 
Young's Modulus 
(Mpa) 
474.3- 533.0 
167.8- 576.3 
523.1- 821.6 
167.8- 821.6 
184.6-1443.4 
In the avascularized specimens, apparent density and yield strength were observed to be 
the same as in normal bone. These avascularized specimens were in such a situation 
that dynamic remodelling, i.e., normal osteoblastic and osteoclastic activity, did not 
occur. This will be evidenced in the paragraph discussing the histomorphological 
results. Since the strength of cancellous bone is derived, in quasi-static testing, solely 
from the mineralized bone matrix and observing that the matrix in the experimental 
situation was not remodelled, due to the absence of living osteoblasts and osteoclasts, 
the resulting observations are logical. Mechanical testing of these specimens which 
remained unaltered structurally and simply continued to perform as load transmitters 
and shock absorbers, would be expected to reveal no differences in apparent density or 
mechanical properties. 
HISTOLOGY 
A) CONVENTIONAL MICROSCOPY 
All unoperated right femoral heads showed a picture of healthy bone and bone 
marrow. The bone had the normal amount of osteoblasts and osteoclasts. All the 
lacunae contained healthy osteocytes. The bone marrow spaces were filled with 
haemotopoietic marrow in the femoral neck and caudal femoral head areas. The 
cranial part of the femoral heads contained a fatty marrow with some oil cysts, which 
might have been artefacts. 
AH the anterosuperior segments of the 6 week avascular group had normal, vital 
articular cartilage. The trabecular structure was intact, but the bone was avital. Most of 
the lacunae were empty and the remaining osteocytes were pycnotic. No osteoblasts or 
osteoclasts were seen. In the bone marrow spaces, only ghosts of fat cells were visible, 
without any nucleus. Haematopoietic marrow was absent (Fig. 4.3.5a and b). In the 
12-week and 24-week avascular group the bone pattern was similar. However, growth of 
interface tissue around the cement barrier was evident. 
In the 12-week avascular group this phenomenon was seen along the edges of the 
cement barrier, near the cartilage, in some of the specimens, but it was minimal in 
extent. In the 24-week avascular group it was more pronounced. Bone resorption and 
new bone apposition was only present along the edges of all the segments, where 
interface tissue was present, but all the central parts remained completely avital. 
In one specimen (34-82) a collapse was seen of about 50% of the height of the segment. 
The material that was taken from the test specimens showed only avital bone and 
absence of bone marrow. The remaining part of the left femoral heads showed the same 
picture as the controls, normal vital bone (Fig. 4.3.5c and d). 
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Fig. 4.3.5a 
Detail avascular bone after six weeks. Necrosis of a bone trabecula characterized by the loss of osteocytes or 
by nuclear pycnosis of some, still present, osteocytes. Necrosis of fatty marrow characterized by the loose, 
optically empty structures which correspond to the so-called oil cysts, (t) 
(Stain: HE Magnification: 140x) 
Fig. 4.3.5b 
An avascular bone trabecula after six weeks. Empty lacunae after the loss of necrotic osteocytes (Î) No vital 
bone marrow tissue, only ghosts of fat cells. 
(Stain: HE Magnification: 560 x) 
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Fig. 4.3.5c 
Six weeks avascular segment. The large empty space is the site where the test specimen is cored (arrow). The 
optically empty slits correspond with the cement barrier (·). No changes in the bone structure or the shape of 
the remnants of the segment. The intertrabecular spaces are nearly empty. Cartilage covers the surface. 
(Stain: HE Magnification: 4x) 
Fig. 4.3.5d 
A cored test specimen, twenty-four weeks avascular. Normal trabecular structures. The bone marrow spaces 
are mostly empty. 
(Stain: Elastine-van Gieson Magnification: 14x). 
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In the anterosuperior segments of the operated left femoral heads, no tetracycline 
labeling was seen. (Fig. 4.3.6a). 
However, a few specimens showed some labeling in the areas were the interface was 
present, but all the central parts, the sites where the test specimens were cored, were 
completely free of tetracycline labeling. The controls and the remaining parts of the left 
femoral heads showed a clear labeling with tetracycline (Fig. 4.3.6b). 
Fig. 4.3.6a 
Ultraviolet light microscopy of twelve weeks avascular bone. Not decalcified. No labeling with tetracycline is 
seen. 
(Magnification: 350x) 
Fig. 4.3.6b 
Ultraviolet light microscopy of the vital bone of the remaining part of the femoral head. Not decalcified. The 
intense labeling with tetracycline is clearly visible (arrows). 
(Magnification: 350 x) 
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MORPHOMETRY 
Using the CPM-method, TI-59/PC-100 C, a calculation was made for normal and 
avascular cancellous bone. The percentages are shown in Table 4.3.3. Also the ratio 
Bone/Bone Marrow Spaces, the B/BMS-ratio was calculated. 
Table 4.3.3 
6 wks. avascular 
12 wks. avascular 
24 wks. avascular 
total avascular 
normal bone 
Bone 
В 
65.02 ± 6.4% 
65.84 ± 6.7% 
63.35 ± 6.9% 
64.74 ± 6.7% 
62.08 ± 6.5% 
Bone Marrow 
Spaces, BMS 
34.98 ± 4.6% 
34.16 ± 5.7% 
36.65 ± 5 % 
35.26 ± 5.1% 
37.92 ± 5.6% 
Ratio 
B/BMS 
1:0.54 
1:0.52 
1 :0.58 
1:0.55 
1 :0.61 
Number 
of fields 
counted 
140 
62 
T-test 
v.s. normal: 
1.7 
In normal bone, the total volume of bone tissue amounts to 62-65% of the total 
volume. In the avascular specimens this did not change significantly and the B/BMS 
ratio remained nearly the same (Table 4.3.3 and Fig. 4.3.7). 
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IV.4 CONCLUSIONS 
The radiographie and macroscopic examinations showed that all the segments 
remained in situ and nearly all the segments had no signs of collapse. Two specimens, 
however, had some loss of the original height of the segment. Histologic examinations 
showed that, in these two specimens, areas of bone remodelling were seen in close 
connection with interface tissue. This interface tissue had grown around the cement 
barrier. Conventional light microscopy and ultraviolet light microscopy proved, 
however, that the central parts of these segments, where the test specimens for the 
mechanical study were taken, were completely avital. There was a total absence of 
osteoblastic and osteoclastic activity and no tetracycline labeling was seen. The rest of 
the segments from this series, showed no bone remodelling at all and were completely 
avital. The morphometric calculations proved again that there was no significant 
difference between the percentages bone and bone marrow spaces of normal and 
avascular cancellous bone. The B/BMS ratio did not change significantly. The 
apparent density and the yield strength of avascular cancellous bone were observed to 
be similar to normal bone. The elastic modulus showed also no significant difference to 
normal bone. In conclusion it can be said that if revascularization and therefore bone 
remodelling does not occur, the mineralized bone matrix does not change and fracture, 
collapse and fragmentation will not occur, at least up to the 24th week after 
avascularization. 
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CHAPTER V 
MECHANICAL PROPERTIES AND 
HISTOMORPHOLOGY OF PASSIVE 
REVASCULARIZING CANCELLOUS BONE 
V.l INTRODUCTION 
In the previous chapter we found that avascular cancellous bone, isolated in vivo under 
normal loading conditions, remained mechanically unchanged until 24 weeks. The 
bony framework remains intact as long as no bone remodelling occurs. The natural 
history of IANF shows that the body attempts to repair the necrotic area by 
revascularization, which originates in the unaffected medullary spaces at the edges of 
the necrotic zone, and in the synovia. New capillaries and cells invade the bone marrow 
spaces between the necrotic trabeculae and bone remodelling starts. For reasons 
presently unknown, this repair process fails eventually and the necrotic area collapses 
under normal loading conditions and motion. 
In this part of the experiments, the cement barrier between the avascular segment and 
the remaining vital part of the femoral head, was interrupted by a 2.7 mm drill hole. 
Revascularization, which originated in the vital part of the femoral head, was allowed 
to proceed. This part of the experiments served as a control for the active 
revascularization, by means of an arteriovenous bundle transplantation, which will be 
discussed in the next chapter. Therefore we called this part of the experiments "passive 
revascularization". It supplied also the mechanical and histomorphological results of 
this passive revascularizing cancellous bone to compare with the results of normal and 
avascular cancellous bone of Chapter III an IV. 
V.2 MATERIALS AND METHODS 
Twenty-one adult female African pygmy goats were used in the experiment. The first 
operation was performed to isolate and avascularize the anterosuperior segment of the 
left femoral head of all goats (standard procedure, Chapter II). 
Average 17.9 weeks after the first operation all the goats were operated again. The 
cement barrier was penetrated with a drill-hole, 2.7 mm wide (standard procedure, 
Chapter 11, Fig. 2.3.1). 
Through the drill-hole the revascularization, starting from the bone marrow spaces in 
the vital part of the femoral head, could enter the avital segment. 
The twenty-one goats were divided in two groups. One group of 8 goats, the 7-week 
group, was sacrificed 7.0 weeks after the second operation. The other group of 13 
goats, the 12-week group, was sacrified 12.2 weeks (12-14 weeks) after the second 
operation. Radiographs were taken prior to each surgical procedure and direct 
postoperatively after the cement barrier was perforated, but not in all the cases (Table 
5.2.1). The radiographs were taken in the standard AP-direction (Chapter II). After 
sacrifice a no-screen radiograph was taken with the Faxitron-X-ray system. In nearly all 
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Table 5.2.1 
Year Goat ORI Weeks 
X-ray 
Preop. 2 OR 2 
X-ray 
p.o. 2 Weeks 
X-ray 
presacr. Microangio 
Faxitron X-ray 
sacrifice 
1983 
1982 
1983 
1982 
1982 
1982 
1982 
1982 
5-83 
48-83 
61-83 
65-83 
69-83 
70-83 
71-83 
97-83 
1-84 
4-83 
15-82 
19-82 
22-82 
23-82 
24-82 
27-82 
29-82 
36-82 
37-82 
50-82 
53-82 
060183 
070183 
170183 
110183 
140183 
130183 
200183 
291283 
291282 
040183 
221182 
221182 
011282 
291182 
231182 
021182 
091182 
271282 
301282 
301282 
281282 
21 
22 
19 
24 
21 
21 
21 
19 
14 
18 
18 
17 
16 
17 
16 
18 
19 
13 
13 
13 
16 
310583 
020683 
080683 
060683 
300583 
090683 
070683 
100683 
060483 
070483 
240383 
220383 
210383 
280383 
010483 
150383 
140383 
160383 
300383 
050483 
050483 
130483 
310583 
020683 
080683 
060683 
300583 
090683 
070683 
100683 
060483 
070483 
240383 
220383 
210383 
280383 
010483 
150383 
140383 
160383 
300383 
050483 
050483 
130483 
310583 
020683 
080683 
060683 
300583 
090683 
070683 
100683 
060483 
070483 
010483 
300383 
050483 
050483 
130483 
7 
7 
7 
7 
7 
7 
7 
7 
13 
13 
14 
14 
14 
13 
13 
13 
13 
13 
13 
13 
12 
200783 
200783 
270783 
270783 
270783 
270783 
270783 
270783 
050783 
060783 
280683 
270683 
270683 
270683 
140683 
140683 
280683 
060783 
050783 
060783 
270783 
270783 
270783 
270783 
050783 
060783 
280683 
270683 
270683 
270683 
140683 
130683 
140683 
280683 
060783 
200783 
200783 
270783 
270783 
270783 
270783 
270783 
270783 
050783 
060783 
280683 
270683 
270683 
270683 
140683 
130683 
140683 
280683 
060783 
050783 
060783 
the goats, except in the ones used for mechanical testing, microangiography was done 
to visualize vascular penetration into the segment (Chapter II). Immediately after the 
animal was sacrified both femora were removed and stripped of excess soft tissues. 
Macroscopic examination was done and both femoral heads were processed for 
histologic, morphometric and microangiographic studies (Chapter II). The 
morphometric study was done to quantitate the loss of bone and compare the results 
with normal and avascular bone. The CPM-method (Texas Instruments) was used 
again. 
Histologic sections were prepared from all the specimens. The bone was decalcified 
and the sections were stained with Haematoxylin and Eosin for conventional 
microscopy. 
From the 7-week group, four femoral heads were selected and mechanical test 
specimens were cored from the anterosuperior segments (goats: 5-83,48-83, 70-83 and 
71-83). 
Also from the 12-week group two femoral heads, which had still enough bone left to 
core a specimen, were selected (goats 37-82 and 50-82). The coring procedure and 
processing of the test specimens was done in the same way as described in Chapter III. 
V.3 RESULTS 
RADIOGRAPHY 
In two goats of the 7-week group, 61-83 and 69-83, the femoral heads had disappeared 
completely already prior to the second operation. The joints were opened and bacterial 
cultures were taken. These were all negative and therefore no infection was evidenced. 
The total collapse of the femoral head must be due to massive ingrowth of interface 
around the cement barrier into the segment. This was a complete new phenomenon, 
never seen in the previous experiments. 
The remaining six goats showed a perfect fit of the segment prior to the second 
operation, but the cement barriers were a little wider than immediately after the first 
procedure. The cement barrier also showed some irregularities, mainly at the side of the 
vital femoral head. The segment itself did not show any changes. No radiodensities, no 
radiolucencies and no signs of collapse were seen. 
Seven weeks after the perforation of the cement barrier all segments showed signs of 
collapse. The aspects of the segments were a mottled picture of radiolucencies between 
patches of normal bone structures, seen as radiodensities. Goats, number 48-83 and 
70-83, had only a slight loss of height of the femoral dome. All other cases had a 
collapse of at least 50% of their original height and one of these had a nearly total 
collapse. In all these cases the radiolucencies and wider cement barrier were evident, 
also on the segmental side of the cement barrier (Table 5.3.1 and Fig. 5.3.1a). 
The Faxitron contact radiographs confirmed all the above mentioned phenomena, but 
more clearly, thereby confirming the findings (Fig. 5.3.1b). 
In the 12-week group, all the radiographs prior to the second operation showed a 
perfect fit of the segment, no segmental changes and again only slight widening of the 
cement barriers, but not on the segmental side of the barrier. 
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Fig. 5.3.1a 
Seven weeks after passive revascularization. Irregular cement line and radiolucent zone in the segment. No 
collapse. 
Fig. 5.3.1b 
Faxitron X-ray showing the changes in the shape of the segment and the radiolucent zones. 
42 
Fig. 5.3.1c 
Severe segmental collapse seven weeks after passive revascularization. 
Fig. 5.3.1d 
Faxitron X-ray, twelve weeks after passive revascularization. 
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S Table 5.3.1 
Passive Revaculanzing Cancellous Bone 
Weeks 
p.o 
7 
7 
7 
7 
12 
12 
Goat 
5-83 
70-83 
71-83 
48-83 
37-82 
50-82 
normal bone 
Radio­
graph 
mottled + + 
mottled + + 
mottled + + 
mottled + 
mottled + + 
mottled + 
Macro-
scopy 
collaps + 
collaps + + 
collaps + + 
collaps -
collaps + + 
collaps -
Histo­
logy 
resorpt. + + 
apposit. + 
resorpt. + + 
apposit. -
resorpt. + + 
apposit. -
resorpt. + + 
apposit. + 
resorpt. + + 
apposit. + 
resorpt. ± 
apposit. -
Apparent 
Density 
1.05 
1.05 
1.16 
1.14 
1.27 
1.38 
1.33 
Yield 
Strength 
9.0 
15.1 
19.6 
27.7 
24.9 
28.4 
36.5 
Young's 
Modulus 
91.8 
114.5 
247.2 
408.7 
320.7 
581.8 
611.6 
Morphometry (CPM) 
В BMS B/BMS 
51.64 ± 7 . 1 
28.05 ± 5.1 
3.02 ± 1 
50.26 ± 7.8 
9.62 ± 2.9 
60.42 ± 4.0 
62.07 ± 6.5 
48.36 ± 6 . 1 1 
71.95 ± 7 . 8 1 
96.77 ± 1 1 
49.75 ± 9.8 1 
90.39 ± 8.5 1 
39.58 ± 5.1 1 
37.92 ± 5.6 1 
: 0.94 
: 2.57 
: 32.04 
: 0.99 
: 9.40 
: 0.66 
: 0.61 
(1.14-1.48) (32.2-4.25) (374.6-971.5) 
An average of 12.2 weeks (12-14 weeks) after the second operation the findings in this 
group were different from those in the 7-weeks group. All segments showed gross 
radiolucencies or total collapse. Seven out of thirteen showed a nearly total collapse of 
the anterosuperior segment. Two had a severe collapse of 50% loss of height of the 
segments. The remaining four cases had gross radiolucencies and some collapse of less 
than 25% of their original height (Fig. 5.3.1c). 
The Faxitron contact radiographs showed the same findings more in detail (Fig. 5.3.Id). 
MACROSCOPY 
The results were in agreement with the radiographs. In the 7-week group the operated 
hip joints of two goats (61-83 and 69-83) were completely destroyed. In goat number 
69-83 an old intracapsular haematoma was found. Goat number 61-83 had only 
massive fibrosis with small remnants of bone replacing the segment. Bacterial cultures 
were negative. In this 7-week group, only goat number 48-83 did not show any signs of 
collapse or surface irregularities. All the other goats had a segmental collapse with loss 
of joint congruity. 
In the 12-week group, 2 goats (22-82 and 50-82) had no signs of segmental collapse or 
surface irregularities. Two other goats, (15-82 and 19-82) had no signs of collapse but 
the surface of the segment was irregular and the cartilage had a dull aspect. All the 
other cases had severely damaged segments and loss of joint congruity (Fig. 5.3.2 a,b,c). 
Fig. 5.3.2a 
Specimen seven weeks after passive revascularization. 
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Fig. 5.3.2b 
Specimen twelve weeks after passive revascularization. 
Fig. 5.3.2c 
Femoral head, twelve weeks after passive revascularization. The growth of tissue through the drill-hole is 
visible (arrow) 
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MECHANICAL PROPERTIES 
From the four cases from the 7-week group and two of the 12-week group which were 
choosen for mechanical testing of the cancellous bone after passive revascularization, 
because the segment had still enough bone stock to be able to core test specimens, two 
did not show any sign of collapse (Table 5.3.2). 
Table 5.3.2 
7-week group: 5-83; 48-83; 70-83; 71-83 
12-week group: 37-82; 50-82; 
(The marked numbers, heavy print, showed macroscopic no signs of collapse). 
The result for yield strength and also elastic modulus in the revascularizing cancellous 
bone specimens, appeared to be less than the results of the normal and the avascular 
cancellous bone specimens. The corresponding apparent density was, however, 
essentially the same as in the other two groups, if all specimens are taken into account. 
(fig. 5.3.3.) 
However, if the radiographic, macroscopic and histomorphological results of these 
specimens were also taken into account, it must be concluded that specimen 50-82 did 
not revascularize. Avascular bone remained in the central and subchondral areas of the 
anterosuperior segment. The mechanical test specimen, cored from this area, consisted 
mainly of avascular bone. If the results of specimen 50-82 were excluded and the 
mechanical properties of the remaining 5 specimens were calculated again, the above 
mentioned results became even more evident (Table 5.3.3, fig. 5.3.3 and 5.3.4) 
Table 5.3.3 
all specimens 
50.82 excluded 
Apparent Density 
(g/cmJ) 
1.18 
1.13 
Yield Strength 
(MPa) 
20.8 
19.3 
Young's Modulus 
(MPa) 
294.1 
236.6 
Yield strength and elastic modulus decreased even more, compared to normal and 
avascular bone. This trend of lower strength and stiffness, observed in these passive 
revascularizing specimens, is a reflection of the clinical and experimental observations. 
The apparent density, however, decreased significantly less than expected. 
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^/g. 5.3.4 Apparent density, yield strength and elastic modulus of some individual goats. Nr. 5-83, 70-83, 
v§ 71-83, 37-82 showed a segmental collapse. Nr. 48-83 and 50-82 had minimal or no segmental collapse. 
MICROANGIOGRAPHY 
Two specimen 61-83 and 69-83 had a picture of abundant clusters of varicose vessels. 
Especially along the cement barriers. In the undecalcified sections no bone was seen 
anymore. All the other specimens showed a picture of islands of bone within massive 
connective tissue. Around the bony remnants many blood vessels were visible and they 
had a varicose character. Were the blood vessels had a varicose character throughout 
the segment, the bone was completely resorbed and segmental collapse was the result 
(Fig. 5.3.5). 
Fig. 5.3.5 
Microangiography of a revascularized segment. 
In the 12-week group the picture was even more distinct. Many intertrabecular spaces 
had accumulated into large cysts, filled with varicose blood vessels. Again around the 
bony remnants varicose convolutes of blood vessels were present and the original bone 
was nearly completely resorbed. 
Three specimens showed only a slight or no collapse at all on macroscopic 
examination. The picture seen here was different. A few large blood vessels did grow 
into the segment via the drill-hole. The interface near the cement line was thin. The few 
blood vessels that were visible, looked different. They were slender and their course was 
parallel to the cement barrier. The bone, adjacent to these blood vessels, was not 
resorbed. 
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HISTOLOGY 
In the sections of the 7-vveek group growth of connective tissue and synovial tissue 
through the drill-hole, into the segment was seen. In the connective tissue many cells 
were present and bone resorption was intensive. Islands of avital bone, attempts to 
replace the lost bone by new fibrillar bone and osteoapposition were visible. The bone 
marrow was fibrotic and in this connective tissue multinucleated osteoclasts and also a 
few mononuclear osteoclasts, were seen (Fig. 5.3.6a, b and c). The latter only in close 
connection with the fibroblasts of the connective tissue. 
Fig. 5.3.6a 
Twelve weeks after passive revascularization. The segment is collapsed. No bone structure is recognizable 
anymore in the remnant of the segment (I). Articular cartilage is damaged by the collapse. 
(Stain: HE Magnification: 4x) 
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Fig. 5.3.6.b 
Segmental collapse, twelve weeks after passive revascularization. Most of the bone tissue has been replaced 
by massive fibrosis. The loss of trabecular structure is nearly total. Only in the subchondral area is some bone 
left ( - ) 
(Stain: HE Magnification: 14x) 
Fig. 5.3.6.C 
Detail. Seven weeks after passive revascularization. Necrotic bone trabeculae are surrounded by fibrosed 
tissue. Intensive lacunar bone resorption by multinucleated osteoclasts (Î). 
(Stain: HE Magnification: 560x) 
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The 12-week group showed a similar pattern with excessive resorption of bone, replaced 
by connective tissue. The apposition of new bone to old avital trabeculae was seen and 
more pronounced than in the 7-week group. However, the loss of the old trabecular 
structure was so extensive that the segments had collapsed. In the interface along the 
cement barriers also foci of Chondrometaplasia and bone metaplasia were ascertained. 
MORPHOMETRY 
The loss of bone volume is highly significant in this group compared to normal bone. 
This is due to the intensive osteolysis and only a weak osteoplasia (Table 5.3.4 and Fig. 
5.3.7 and 5.3.8). Within 12 weeks the Bone-Bone Marrow Spaces-ratio is more than 
reversed, compared to normal cancellous bone. 
Table 5.3.4 Percentages Passive Revacularizing Bone 
В = Bone 
BMS = Bone Marrow Spaces 
B/BMS 
number of fields 
counted 
Normal Bone 
62.08 ± 6.5% 
37.92 ± 5.6% 
1 :0.61 
62 
7 weeks 
25.39 ± 4.2% 
74.61 ± 5.8% 
1 :2.94 
(0.34:1) 
13 weeks 
37.71 ± 4.8% 
62.29 ± 7.8% 
1 : 1.65 
(0.60:1) 
All 
31.55 ± 4.5% 
68.45 ± 6.8% 
1:2.17 
(0.46 : 1) 
145 
T-test 
normal 
vs pass. 
normal 
vs 
passive: 
36.9 
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V.4 CONCLUSIONS 
Clinical investigations of avascular necrosis of the femoral head report of very high 
percentages of segmental collapse. This leads to destruction of the hip joint, if not 
treated early, and often despite the treatment. This segmental collapse occurs despite 
the attempts of the body to revascularize and repair the dead bone under normal 
loading conditions (Chapter I). The clinical observations in IANF give evidence of the 
diminishing mechanical resistance of the bone. 
Our experimental results clearly show that isolated avascular bone is as strong as 
normal cancellous bone (Chapter IV). However, the observations in this part of the 
experiments give evidence of a diminishing resistance to normal mechanical loading 
during the revascularization process. 
The mechanical tests indicate that strength and stiffness of passively revascularized 
cancellous bone are significantly lower than in normal and isolated avascular 
cancellous bone. The apparent density did not decrease significantly. The apparant 
density, hydrated weight/bulk volume, is determined by removing the bone marrow 
from the test specimen (Chapter III.2). Vital bone marrow tissue is a loose cellular 
tissue in the intertrabecular spaces of the cancellous bone and can easily be removed. 
However, the histologic examinations clearly showed that hardly no vital bone marrow 
tissue was present in the specimen anymore. Bone remnants were embedded in massive 
fibrotic connective tissue and this cannot be separated by the method for removing the 
marrow tissue from the specimens mentioned in Chapter III. Hence, the calculation of 
the apparent density in this case is not reliable. This was also shown by the 
morphometric results. These clearly show a highly significant loss of bone tissue, 
compared to the normal and avascular bone. This extensive loss of trabecular bone is 
the cause of the significant strength and elastic modulus reductions of the 
revascularizing bone. 
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CHAPTER VI 
THE HISTOMORPHOLOGY OF ACTIVE 
REVASCULARIZING CANCELLOUS BONE 
VI.l INTRODUCTION 
In 1946 Vineberg wrote an article about a method to develop an extracoronary 
circulation. In dogs, the internal mammary artery was transplanted in the wall of the 
left ventricle of the heart.Tlie artery had formed an anastomosis with the left coronary 
arterial system after 4 months and the artery remained patent. 
In the years before 1946, many attempts had been made to increase impaired coronary 
circulation. Numerous procedures had been devised, for instance by Beck (1935: 
pectoral muscle transplant), O'Shaughnessy (1937: omentum transplant) and Fauteux 
(1940: ligation of the vena magna cordis). All had little success. Vineberg was the first 
to transplant only an artery to improve the circulation. 
Since 1949 many investigators also tried to improve blood flow to bone by means of 
muscle pedicle bone grafts, free vascularized fibula - or rib transplants, transplantation 
of arteries or veins and by means of microsurgical anastomosis of periosteal 
transplants, arteries and veins. 
The first muscle pedicle bone graft was already tried in 1891 by Phelps. 
In 1965, K. Braadsgaard and S. Medgyesi investigated the method more thoroughly in 
an experiment. The idea behind this method is to obtain a more dependable osteogenic 
action. It seems natural to use a bone graft which had preserved its blood supply and 
viability through a soft tissue pedicle, because after grafting fresh autogenous bone, 
without a preserved blood supply, most of the osteocytes and other cells in the graft will 
perish, before revascularization has taken place. Only the most peripheral cells survive 
by diffusion from the recipient site. The bone graft itself experts an inductor function 
upon the surrounding soft tissues and from the recipient site osteogenic tissues will 
arise. These tissues have an affinity for the graft and exercise a conductor function. 
It is known, that only the mechanical properties and the inductor function of a non-
viable graft are of cardinal importance, whereas it is not believed that it can play any 
major role as an active participant in osteogenesis. 
In their experiments, Braadsgaard and Medgyesi (1965) showed that graft survival and 
consolidation of the graft is improved when the graft remains alive via a soft tissue 
pedicle. 
S. Medgyesi did further experiments on rabbits in 1965. Again he showed that the 
majority of the osteocytes and soft tissues undergo necrosis before revascularization 
takes place, if the graft is not pedicled. He states that the vitality of the graft must be 
totally or at least partly preserved, so that it can play an active role in the healing 
process, because the healing does not depend on the ostogenic activity of the recipient 
site only. 
Muscle pedicle grafting is a good method to preserve the viability of a graft. However, 
these grafts are very vulnerable to rotation, strain and flexion of the pedicle (Medgyesi, 
1968). Especially torques results in total necrosis in 60% of the cases. In 1972 Medgyesi 
pointed his attention more specifically to the problems in the hip region. After fracture 
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of the femoral neck, and after reduction and osteosynthesis, revascularization starts 
spontaneously. First the invasion of connective tissue proceeds and after a latent period 
of time this leads eventually to a more or less intensive formation of new bone. This 
phenomenon had already been elucidated in the studies of Leriche and Policard (1926) 
and of Levander (1938). 
The invading multipotential cells, primitive mesenchymal cells, may be converted 
to osteogenic cells, induced by bone tissue, and form new bone. Some authors believe 
that the inducing substance is liberated by dying osteocytes (Trueta, 1963). At 
least we know that lysophilised, decalcified matrix contains this substance (Urist, 
1957). Bertelsen (1944), in a comprehensive study, reviewed previous results on this 
subject and reported his own results. Since that time several experiments have 
confirmed the induction theory (Goldhaber, 1961; Urist and Maclean, 1954; Urist, 
1967). However, there is still not a complete agreement as to which cells are induced 
(Trueta, 1963) nor has the inducing substance been isolated biochemically. 
Another phenomenon is, that in the course of time, dead bone tissue in the femoral 
head looses its inductor capacity and an increasing number of multipotential 
mesenchymal cells are no longer converted into osteogenic cells (Urist, 1967). New 
bone formation will be arrested completely, especially in the deeper parts of the 
femoral head. Several authors investigated the muscle pedicle bone grafts 
experimentally (Braadsgaard 1965; Canalis, 1979; Chacha, 1984; Day and Sun Shik 
Shin, 1979; King, 1976; Medgyesi, 1965, 1968, 1972). They all came to the same 
conclusions. Any conventional bone graft is non-viable, because osteocytes and 
osteoblasts do not survive an ischemia of more than 25 hours. All these free grafts heal 
by means of creeping substitution: after an initial phase of new bone apposition 
follows an resorption phase and the dead bone is removed. 
A pedicled graft remains alive and does not need the creeping substitution from the 
recipient bed. Therefore, it defies resorption and maintains its original size, structure, 
strength and cell population. It is superior to a free graft. Nearly all the pedicle grafts 
remained viable in the experimental studies. They were derived from the fibula, 
quadratus femoris, tensor fascia lata or the ribs. They all had the advantages of 
providing osteogenic potential, vascularity and mechanical strength. 
The viability is totally independant on the recipient site. However, it is totally 
dependant on the maintenance and quality of the vascular supply. Problems in 
maintaining this vascular supply do arise when kinking, torsion, stretching and 
thrombosis occur. Pedicle grafts are vulnerable. They need atraumatic handling. 
Further problems are that the distance over which the graft can be transplanted, is 
limited to the anatomical restrictions of the pedicle and the results of the 
transplantation can only be seen on radiographs weeks or months after the 
transplantation. 
Marvin H. Meyers used the method clinically and reported the results in 1973 and 1977. 
He used a quadratus femoris pedicle with a bone graft from the major trochanter 
(Judet technique 1962, 1963) in patients with subcapital fracture of the femoral neck. 
He claimed, in old patients and alcoholics, an osseous union in 93% (previous 60%) of 
the cases and a late segmental collapse in only 5.6% (previous 30% in his series). In 
younger patients, below 40 years of age, the union rate was 94.7% and no late 
segmental collapse was seen. Many other authors report in 85% of the cases a total or 
partial necrosis of the femoral head after subcapital fracture if no pedicled graft was 
used. His conclusions were, that the pedicled graft provides an early and complete 
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revascularization via its vascular supply. 
Pedicle fracture, periarticular ossification, subtrochanteric fracture and morbidity at 
the site where the graft was taken, were the extra problems he added to the problem in 
maintaining the vascular supply to the graft. 
Another technique to provide viable bone grafts is by means of a free vascularized bone 
graft. (Doi, 1977; Judet et al, 1981; Pho, 1979; Solonen, 1982; Taylor et al, 1975). A 
bone graft with an arteriovenous pedicle is transplanted to a recipient site. The artery 
and vein are, with microsurgical techniques, anastomosed to a patent artery and 
vein near the recipient site. Judet et al. (1981) used the technique in 19 cases of IANF 
stages I and II. They used free pedicled fibular grafts and anastomosed the vessels to 
the anterior circumflex artery and vein. The vascular pedicle remained intact, but the 
follow-up of the IANF cases was too short to draw conclusions. The advantage of the 
technique are, that it is an one-stage procedure and it is flexible enough to allow 
distance and manipulation. Due to the technique used, there are no torque or angular 
stresses on the vascular supply to the graft. The supplied grafts are strong, e.g. fibula, 
and if the anastomosis fails, the graft still acts as a non-viable graft. Many sites in the 
body are suitable to receive such a graft. However, there are also many disadvantages to 
the technique. The procedure requires an extensive planning and many diagnostic 
investigations, e.g. angiography. It requires microsurgical skills of the surgeon and two 
skilled operating teams simultaneously. The procedure lasts often 8 to 12 hours. Major 
blood vessels are used or sacrificed in both legs and the donor site morbidity can cause 
long-lasting problems. Furthermore it is difficult to maintain a stable fixation of the 
graft without endagering the vital circulation to the graft. Therefore, the procedure is 
only suitable for young patients who otherwise face amputation (Judet, 1981). 
In an attempt to preserve the viability of bone transplants or to restore the viability of 
avascular bone, several other techniques, based on the Vineberg technique (1946), were 
developed and tested in several different experiments. 
Woodhouse (1963) transplanted the a brachiales into a drill-hole in the humerus of 
dogs. In 60% of the cases the transplanted artery remained patent. Microscopically a 
tuft of new capillaries was seen at the ligated end of the artery. The long-term results, 
up to 9 months, seem to prove that the artery anastomoses with the existing arterial 
system in the bone. However, the new artery does not influence the total intraosseous 
circulation. 
Boyd (1965) used the method experimentally in dogs in a model for avascular bone in 
the femoral head. He transplanted the a. femoralis profunda, either via an intrapelvine 
route or via an extrapelvine route, into the femoral head. The intrapelvine transplants 
all failed due to traction on the artery. All the extrapelvine transplanted arteries 
remained patent. However, he does not report about the osseous structures. Dickerson 
also did several experiments (1963, 1966, 1968) and his goal was to develop a direct 
method to bring a new blood flow into a certain area of bone. He transplanted an artery 
with an intact flow into the marrow cavity of the bone and he developed a polyethyleen 
tube through which the artery was kept from collapsing. The tube, with the artery 
inside, was transplanted into a drill-hole. He revised the polyethyleen tube once in 1968. 
The results of his experiments proved that, up to the 9th postoperative week, the artery 
remained open and flow through the artery existed. 
Despite profylaxis, héparine lavage 200E/500 cc, thrombosis was a major problem in 
23 % of the cases. Dickerson called it a method for direct diversion of the arterial blood 
flow to bone. However, in his experiments he transplanted an artery into living bone 
with an intact intra- and extraosseous circulation and not into dead bone. The capacity 
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of the venous outflow system in healthy bone is large enough to cope with the extra 
inflow, arriving via the transplanted artery. No pooling of blood was seen in the 
marrow space and the intraosseous pressure remained normal, at approximately Уз of 
the systolic pressure. The question that still remains, is what happens in avascular bone 
in which no circulation exists. 
In 1973, 1978 and for the first time in the English language in 1979, a Japanese 
investigator Yoshihide Hori, described a new technique. The theory behind this 
technique is, that to induce, repair or even better regenerate dead bone, an 
arteriovenous circulation is needed. 
He compared his technique of an arteriovenous bundle transplantation with the 
transplantation of only an artery or only a vein into avascular bone. He used an isolated 
segment of in the long bones in dogs. In the groups of arterial transplants he saw much 
necrosis and fibroses. In the group of venous transplants the veins suffered from 
thrombosis in 68% of the cases. In the group of arteriovenous bundle transplants 
interesting phenomena were seen. Between the 21st and 30th postoperative days, 
proliferation of blood vessels, sprouting from the arteriovenous bundle, were noted. 
Around the 12th postoperative week, new bone formations were seen. The 
arteriovenous bundle transplant into a dog model for avascular necrosis of the femoral 
head, showed also encouraging results. 
In the 4th week new blood vessel formation was seen and in the 7th week new bone was 
formed, while in the 12th week postoperative the whole femoral head was 
revascularized. After 12 months the femoral head, bone and cartilage still looked 
normal. 
The experiments of Woodhouse (1963), Dickerson (1963,1966, 1968) and, Boyd (1965) 
proved that arterial transplants remained intact in living bone. 
Hori's experiment proved that after a period of vascular proliferation, an 
arteriovenous bundle transplant anastomoses with the existing vascular system in 
living bone and also revascularizcs an isolated segment of bone. Because the 
microcirculation in the arteriovenous bundle remains intact, thrombosis was not seen 
and an afferent as well as an efferent flow can be guaranteed. Hori claimed that his 
method is suitable for revascularization of large bone transplants, subcapital fractures 
of the femoral head and avascular necrosis of the femoral head. It is a simple method, 
which can be performed without the use of microsurgical techniques, but carefull 
handling of the arteriovenous bundle is necessary. 
In 1983 Gartsman presented a paper at the 29th Annual Orthopaedic Research Society, 
Anaheim, California. He evaluated Hori's technique to determine the value of vascular 
transplants and he compared this technique with core decompression and core 
decompression with cancellous grafting. Gartsman was not able to reproduce Hori's 
results. He claimed that the dog model for IANF, that Hori used, was not reliable and 
it lacked appropriate controls. In his experiments a quantitative and qualitative 
increase of new bone formation, osteoclastic activity and lamellar thickening was seen 
only at the site of the transplantation. He could not prove that this process will increase 
in time and spread throughout the whole femoral head or will reverse the ischaemic 
process. He concluded that there is no biomechanical or physiological significance to 
this new technique. However, one of the major reasons for this conclusion was, and still 
is, the lack of a reliable animal model for appropriate laboratory and clinical 
investigation of avascular necrosis in the femoral head. (Gartsman, 1983). 
The arteriovenous bundle transplantation might offer an afferent and an efferent 
blood flow to avascular bone. However, the previous introduction showed clearly that 
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much about the technique and its results remains uncertain, due to the lack of an 
appropriate animal model. In the next study an arteriovenous bundle was transplanted 
into the avascular segment to examine the technique and to study, if remodelling of the 
avascular bone takes place and to see if the segmental collapse can be prevented. The 
histomorphological results will be compared with the results of normal, avascular and 
passive revascularizing cancellous bone, discussed in the previous chapters. 
V1.2 MATERIALS AND METHOD 
Sixteen adult, female African pygmy goats were used in this experiment. Six goats were 
operated in 1982 and the series were extended, in 1984, with another 10 goats. One 
group of eleven goats was sacrificed 12 weeks after the transplantation. The second 
group, 24 weeks after the transplantation (Table 6.2.1). 
All the goats were operated according to the standard procedure, described in Chapter 
II, the avascularization technique, to avascularize the anterosuperior segment of the 
left femoral heads. An average of eight weeks (5-18 weeks) after the first operation, the 
arteriovenous bundle transplantation was carried out in a second procedure. The 
standard technique, developed in the revascularization study (Chapter II) was used, 
but, after personal communication with Dr. Y. Hori in Japan, the AVBT was ligated 
with only one vicryl 3-0 suture around both vessels and tied to a cortical bone anchor. 
This anchor was hammered into the drill-hole together with the attached vessels and a 
solid fixation of the transplant was guaranteed (Fig. 6.2.1a,b). No mechanical tests were 
Fig. 6.2.1a Exposed segment with drill-hole visible. The hip is not luxated and the segment remains in the 
acetabulum (arrow). 
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Fig. 6.2.1b AVBT (arrows) transplanted in the segment. Capsula closed with interrupted vycril sutures {*). 
performed on the Zwick-testing-machine. The main objective of this part of the study 
was the histologic examination of the cancellous bone and the arteriovenous bundle 
transplant. However, all the goats were allowed complete freedom to walk, run, climb 
and even fight from the first postoperative day. Some even delivered young ones. 
Radiographs were taken prior to the second operation and the sacrifice procedure 
(Table 6.2.1). All the goats also had a selective angiography and a microangiography 
(standard procedure. Chapter II), before they were sacrified. Immediately after the 
sacrifice the AVBT was carefully excised and both femoral heads were removed and 
stripped of excess soft tissues. The anterosuperior segments were inspected for signs of 
collapse and loosening. Faxitron radiographs were taken. The femoral heads were 
divided into two, nearly equal, parts. One part was decalcified for the production of the 
histologic sections, stained with Haematoxylin and Eosin and Elastine-van Gieson 
staining techniques. The second part was used to make the sections for no-screen 
radiography to visualize the microangiography. The excised tissues, containing the 
AVBT, were also cut into sections of 7 micron thick and stained with Haematoxylin 
Eosin and Elastine-van Gieson techniques, to investigate the transplanted arteries and 
veins. 
Finally, the CPM-method (Texas Instruments) was used to determine the percentage of 
bone and bone marrow spaces in the segments, to quantitate the amount of bone and 
compare the results with normal, avascular and passively revascularized bone. The 
ratio Bone/Bone Marrow Spaces was also calculated. 
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Table 6.2.1 
Year Goat ORI 
X-ray 
p.o. 1 Wks. 
X-ray 
preop. 2 OR 2 
X-ray 
p.o. 2 Wks. 
Selective 
X-ray and 
preop. 3 Microangio Sacrifice Comment 
1982 
1984 
1984 
33-82 
38-82 
39-82 
44-82 
47-82 
49-82 
11-84 
29-84 
31-84 
32-84 
50-84 
1-84 
15-84 
16-84 
33-84 
35-84 
171182 
141282 
031282 
271282 
281282 
291282 
270384 
090484 
020484 
020484 
090484 
230184 
160184 
160184 
270384 
200384 
171182 
141282 
031282 
271282 
281282 
291282 
270384 
090484 
020484 
020484 
090484 
230184 
160184 
160148 
270384 
200384 
18 
14 
17 
13 
13 
13 
6 
6 
7 
6 
6 
6 
6 
6 
5 
6 
180383 
250383 
230383 
290383 
310383 
010483 
070584 
210584 
210584 
140584 
220584 
060384 
280284 
280284 
270284 
010584 
180383 
250383 
230383 
290383 
310383 
010483 
070584 
210584 
210584 
140584 
220584 
060384 
280284 
280284 
270284 
010584 
180383 
— 
— 
— 
310383 
010483 
070584 
210584 
210584 
140584 
220584 
060384 
280284 
280284 
270284 
010584 
13 
14 
14 
13 
13 
13 
12 
12 
12 
12 
13 
24 
25 
25 
24 
24 
160683 
300683 
300683 
290683 
290683 
300683 
310784 
170884 
100884 
060884 
220884 
210884 
170884 
170884 
100884 
171084 
160683 
300683 
300683 
290683 
290683 
300683 
310784 
170884 
100884 
060884 
220884 
210884 
170884 
170884 
100884 
171084 
160683 
300683 
300683 
290683 
290683 
300683 
310784 
170884 
100884 
060884 
220884 
210884 
170884 
170884 
100884 
171084 
luxation 
infected 
infected 
infected 
infected 
infected 
infected 
VI.3 RESULTS 
RADIOGRAPHS 
After the first operation all radiographs showed a good position of the segment and a 
good position of the femoral head in the acetabulum. Immediately prior to the second 
operation the majority of the specimens did not show any signs of radiolucency, but 
four specimens had some widening of the radiolucent cement barrier, especially on the 
side of the vita! femoral head. 
Immediately after the second operation the pattern was similar to preoperative one 
(Fig. 6.3.1). 
Twelve weeks after the transplantation, the radiographs showed a different picture. The 
segments had a mottled aspect of radiolucent and radiodense zones. Especially along 
the cement barriers the radiolucency was more pronounced than in the central parts 
(Fig. 6.3.1). The Faxitron radiographs confirmed these findings (Fig. 6.3.2). Three 
specimens (39-82, 32-84 and 50-84) had damaged segments and one (39-82) showed 
also many calcifications. Twenty-four weeks after transplantation the situation was 
completely different. Only one specimen, 35-84, was intact. All the other specimens 
had completely vanished hips. A picture as seen in bacterial arthritis. 
Fig. 6.3.1 
Radiograph immediately after the transplantation of an AVBT. The cortical bone anchor to secure the AVBT 
in the segment (arrow) and AVBT are marked (wire). 
SELECTIVE ANGIOGRAPHY 
All specimens showed the arteriovenous bundle nicely filled with radiographic contrast 
(Fig. 6.3.3). However, in three specimens (39-82, 32-84 and 50-84) the AVBT was less 
visible than in the other eight specimens. Despite the damage to the femoral heads in 
these specimens, the AVBT was filled with radiographic contrast and therefore not 
obliterated. Twenty-four weeks after the transplantation. The only intact specimen, 
35-84, showed an open AVBT on the angiography. 
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Fig. 6.3.2 
Faxitron radiograph of the same specimen as in Fig. 6.3.1, twelve weeks after transplantation. 
Fig. 6.3.3 
Selective angiography. TVansplanted artery and vein are clearly visible.(t) 
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MECHANICAL LOADING IN VIVO 
Five segments remained perfectly intact up to the 13th postoperative week. Four 
segments showed some loss of height in the segment, but it was minimal. The only 
remaining 24-week specimen did show also some loss of height. 
MACROSCOPY 
In specimens 39-82, 32-84 and 50-84 and the specimens with the vanished hip (1-84, 
15-84, 16-84 and 33-84), the hip joint was in toto excised and the joint not opened. The 
remaining eight specimens showed in five cases a perfect fixed and domeshaped 
segment without any signs of collapse. The other three cases were classified "good" 
because of a minimal loss of congruity, but the loss of the original height was indeed 
minimal. Inspection showed also that the purple colour of the segments did not differ 
from the colour of the control femoral heads. The only remaining specimen from the 
24-week group that was intact, number 35-84, showed a "good" result with only a slight 
loss of congruity. The segment was fixed and stable in situ with a nice purple co lour 
(Fig. 6.3.4). 
Fig. 6.3.4 
Twelfth postoperative week. Segment intact, AVBT penetrating the cement barrier (arrow) 
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MICROANGIOGRAPHY 
The blood vessels in the control specimens showed a good filing with contrast. The five 
specimens with a perfect macroscopic result also had a perfect microangiographic 
result. Some large blood vessels penetrated the central part of the segment and 
branched to the periphery. The interface at the cement barrier was thin and consisted of 
slender, regulary shaped vessels. 
The other three specimens showed more interface tissue, with some varicose vessels, 
adjacent to areas with osteolysis (Fig. 6.3.5). Two specimens (11-84 and 29-84) did show 
this picture more extensive along the cement barrier. Here, the osteolysis was more 
intensive. Three specimens (39-84, 38-84 and 50-84) showed many, large lumps of 
varicose vessels in the central areas. Many cysts were seen and only a few pieces of bone 
left. It was the same picture as in the necrotic specimens of the group with passive 
revascularization. 
Fig. 6.3.5 
Microangiography twelve weeks after transplantation. 
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HISTOLOGY 
12.8 Weeks after the transplantation of the AVBT the articular cartilage was still vital. 
The superficial layer did not show any signs of the degeneration. In the deep layer near 
the subchondral bone some of the lacunae were empty and without vital chondrocytes. 
The cement barrier was intact but at the surface some growth of interface was present. 
The interface was formed by a loose granulation tissue with a fair amount of vital cells. 
Here, the old avital trabeculae were covered with osteoblastic zones and bone 
apposition was dominant. Osteoclastic activity was low. In the more central parts of 
the segment the interface and the connective tissue displayed a poor cellularity. 
More to the subchondral part of the segment the bone marrow spaces were filled partly 
with fibrous connective tissue and partly with granulation tissue containing some 
varicose blood vessels. Many oil cysts were present. Osteoclastic resorption was 
intensive in the areas with fibrous connective tissue (Fig. 6.3.6). 
Around the drill-hole, where the AVBT was inserted into the segment, a fibrous 
connective tissue with a strong osteoclastic activity was present. Centrally in the 
segment the mixture of fibrous connective tissue and a loose healthy granulation tissue 
was again seen. The old avital trabeculae were covered with new bone (Fig. 6.3.7). 
Trabeculae of a newly formed metaplastic bone were also seen (Fig. 6.3.8). 
Fig. 6.3.6 
Segment twelve weeks after transplantation of the AVBT. The trabeculae are thick. Interface tissue is visible 
along the cement barrier (arrows). 
(Stain: Elastine-van Gieson Magnification: 14x) 
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Fig. 6J.7 
TWelve weeks after transplantation of the AVBT. Osteoblastic apposition of new bone on a necrotic 
trabecula. The kit-line marks the border between necrotic bone and the new bone apposition. Vital 
connective marrow tissue with a capillary in the centre, filled with Micropaque® . 
(Stain: HE Magnification: 280x) 
i #&# •• ¿ЖШ* ¿t* 
Fig. 6.3.8 
TWelve weeks after transplantation of the AVBT. Trabecular bone formation by direct metaplasia and 
osteoapposition to a remnant of avital trabecular bone (arrow). Loose granulation tissue in the marrow 
spaces. 
(Stain: HE Magnification: 140x) 
In three specimens (11-84,29-84 and 31-84) a large central part of the segment consisted 
of granulation tissue and bone was absent. 
Again, strong osteoclastic activity was seen in those part where cells in the fibrous 
tissue were scanty. The osteoblastic bone formation and direct metaplasia were 
dominant in the areas with a loose granulation tissue. 
The specimen 39-82 was excluded from the series, because of the massive calcifications. 
The specimens, numbered 32-84, 50-84, 1-84, 15-84, 16-84 and 33-84, showed in the 
histologic sections all the signs of osteomyelitis. It was a purulent osteomyelitis leading 
to septic necrosis of the femoral head. The segments were collapsed. Only small islands 
of necrotic bone were left, surrounded by large areas of fibrous connective tissue and 
massive infiltrations of lymphocytes. 
The histologic sections of the AVBT showed that the arteries and the veins survived the 
transplantation. Especially the Elastin-van Gieson stained sections, revealed a nice 
picture of healthy blood vessels. The step-up series of sections made from the AVBT 
specimens, visualized the AVBT over the whole length. In all the series, both vessels 
were open (Fig. 6.3.9) 
Fig. 6.3.9 
TVelve weeks after transplantation of the AVBT. The artery and vein of an AVBT with an open lumen. No 
indication of obliteration or thrombosis. 
(Stain: Elastine-van Gieson Magnification: 35x) 
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MORPHOMETRY 
Loss ot bone was evident, but the loss of bone was less intensive than in the passive 
revascularizing bone specimens. The volume bone decreased to 53% and the ratio 
B/BMS changed to 1 : 0.87. Compared to the figures of normal cancellous bone the 
loss of bone was significant in the transplantation specimens. When the volume of 
bone in the specimens with passive revascularization, 13 weeks after the second 
operation, was compared to volume of bone in this group, also 13 weeks postoperative, 
the loss of bone in the passively revascularized group was highly significant, if 
compared to the actively revascularized group (Table 6.3.2 and Fig. 6.3.10) 
Table 6.3.2. Percentages 
Normal bone 
Passive revasc. 
bone 13 wks. 
Active revasc. 
bone 13 wks. 
Bone 
В 
62.08 ± 6.51/0 
37.71 ± 4.8% 
53.61 + 8.5 
Bone Marrow 
Spaces BMS 
37.92 ± 5.6% 
62.29 ± 7.8% 
46.39 + 8.4% 
B/BMS-
ratio 
1 :0.61 
1: 1.65 
1 :0.87 
Number of 
fields 
counted 
62 
145 
85 
T-test 
vs active 
revasc: 6.0 
vs passive 
revasc.: 18.9 
PLRUNTI') MORPHOMI.TRY. 
100-, 
90 . 
80 . 
70 . 
Active Passive Normal 
fig. 6.3.10 
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VI.4 CONCLUSIONS 
Although Hori (1973, 1978, 1979) reports good results of his AVBT as a treatment for 
avascular necrosis of the femoral head, Gartsman (1983) could not reproduce Hori's 
results and claimed that the animal model lacked appropriate controls. 
In our experiments the AVBT had clearly a positive influence when compared to 
passive revascularization and this was highly significant. However, it did not prevent 
osteolysis completely, but the loss of bone was less pronounced. The bone volume 
decreased significantly, compared to normal bone, from 62% to 53.6%. The 
bone/bone marrow spaces-ratio changed to 1 : 0.87 (normal bone 1 : 0.61) 
The loss of bone was most intense along the interfaces in the saw slits and in the areas 
where the drill-hole was made and the AVBT was implanted. Osteolysis was due to the 
activity of multinucleated osteoclasts and fibroblasts growing in the necrotic bone. The 
osteoblastic new bone apposition to the old necrotic trabeculae was more pronounced 
in the active than in the passive revascularization group. However, the animal model is 
not an exact copy of the clinical reality. The interface problems, which tend to loosen 
the segment, represent actually passive revascularization. A clear positive result of this 
experiment is that the technique of the transplantation of an AVBT is not a difficult 
one and that the AVBT remained open in all the cases. Also in the failures due to 
luxation or infection. 
In conclusion it can be said that the clinical relevance of the AVBT is still doubtfull. 
After transplantation there is still a significant amount of bone resorption and 
although bone apposition is intensive, the avascular segment is not completely 
remodelled. The AVBT did not come up to the expectations in this experiment. 
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CHAPTER VII 
SUMMARY, DISCUSSION AND CONCLUSIONS 
VII. SUMMARY AND DISCUSSION 
Avascular necrosis of bone is death of bone that follows a disturbance in the circulation 
of the bone. Since the precise etiology is not known, idiopathic avascular necrosis of 
bone is thought to include all the types of avascular necrosis associated with various 
pathologic conditions or various treatments, as well as those not associated with any 
disease entity (Kenzora, 1985). The incidence of Idiopathic Avascular Necrosis of the 
Femoral Head (I ANF) has been gradually increasine and also the number of bilateral 
cases has increased. Male prevalence is invariably reported. The male/female ratio 
varies between 8 : 1 and 2.6 : 1 in the literature. The age distribution is wide, 14 to 83 
years, but the vast majority is reported to be below the age of 50. 
The causes which are directly associated with IANF can be divided in certain ones, 
major trauma to the circulation of the femoral head, and in probable ones. The latter 
factors are particulary associated with diseases of the liver and blood, and they act in a 
very complex way to produce IANF (Jacobs, 1978; Park, 1976). Many authors also 
suggest the involvement of social and environmental factors. Local factors to the 
femoral head must also play a role of importance, because the femoral head is so 
commonly involved in avascular necrosis. One of these local factors is the inadequacy 
of the blood supply to the femoral head, both anatomically and functionally. 
Anatomically, two principal groups of arterioles supply the whole femoral head, the 
lateral and medial epiphyseal arterioles and the superior and inferior metaphyseal 
arterioles. Functionally, however, the largest and most precarious area, the 
anterosuperior segment in the femoral head, is solely dependent on the lateral 
epiphyseal arterioles. 
Interruption of the blood supply to the femoral head can be caused by direct damage to 
the extraosseous and intraosseous blood vessels. Several authors, however, Hungerford 
(1978, 1981, 1985), Ficat and Arlet (1968, 1981, 1982, 1983), suggest that the intraos-
seous pressure also plays a major role. They report that the extravascular intraosseous 
elements in the bone can cause an increase in the intraosseous pressure. This results in 
a decrease in the intramedullary blood flow and consequently, ischaemia occurs. 
Additional factors are the mechanical stresses on the femoral head which eventually 
cause the collapse and fragmentation of the anterosuperior segment. The collapse is 
supposed to start from a small fatigue fracture in the subchondral bone, which is not 
adequately repaired (Frost, 1964). This is caused by the fact that the revascularization, 
which starts in the unaffected medullary spaces at the edges of the ischaemic area and 
the synovial membrane, never penetrates deep enough into the necrotic area. The extent 
of penetration depends on the size of the necrotic area and the diminishing intensity of 
the revascularization as time proceeds (Chalmers, 1980; Fineshi et al., 1982; Kenzora, 
1985). 
The repair process starts with the development of a network of new vessels and the 
arrival of primordial cells, histiocytes and monocytes in the necrotic area. Primordial 
cells differentiate into fibroblasts, osteoblasts and osteocytes. These osteoblast are 
responsible for the common mechanism of new bone formation, namely apposition of 
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new bone to the old avital trabeculae. The avital trabeculae form an excellent 
framework for the osteoneogenesis and this framework remains unchanged for a long 
period of time (up to 6 months in animal experiments, Fineshi et al., 1982). For reasons 
presently unknown, the osteogenesis becomes sooner or later exhausted. It rarely 
extends more than 4 to 5 mm into the necrotic area before the primordial cells 
differentiate more and more into fibroblasts, which eventually form marked areas of 
fibrosis in the intertrabecular spaces. The osteoblastic front disappears and 
periosteocytic osteolysis starts. These local bone changes lead to phagocytic 
recognition of the, up to that moment protected, appatite in the bone matrix. 
Phagocytosis of the appatite starts by the mononuclear phagocytes. They form 
osteoclasts via fusion and extensive resorption of bone commences. Often the 
resorption penetrates deeper into the necrotic area than the osteogenetic front 
(Chalmers, 1980; Fineshi et al., 1982; Kenzora, 1985). This predominance of resorption 
over osteogenesis undermines the mechanical resistance of the bone. 
The natural history of IANF gives evidence of the pathogenesis. Stages 1 en 2 are in 
general asymptomatic, because there is still no fracture in the necrotic bone. These 
stages are called "the silent hips". Stage 3 becomes symptomatic and in stage 4 the pain 
is dramatically increasing due to the occurence of an extensive subchondral fracture. In 
the final stages 5 and 6 the joint shows all the signs of severe degenerative osteoarthritis. 
Several authors recognize another stage prior to stage 1, before any signs are seen on 
radiographs, called the "preradiologic stage" (Ficat and Arlet, 1968, 1981, 1982, 1983; 
Hungerford, 1978, 1981, 1985). The motivation to examine these hips is derived from 
the fact that these patients are already followed for symptomatic IANF on the 
contralateral side. The diagnosis of the preradiologic stage can be made using a method 
called "functional bone investigation" (Hungerford, 1981) 
Since recently these "silent hips" can be diagnosed also with Magnetic Resonance 
Imaging (Bluemm, 1985; Hungerford, 1985; Jergesen, 1985; Littrup, 1985; Mitchel, 
1986). 
MRI appears to be more sensitive to the early changes in the bone, due to avascular 
necrosis, than radiography, and the diagnosis can probably be made earlier. This is 
important because treatment in the silent stages is often successful in retaining the 
patient's own femoral head. Treatment in these stages varies from core decompression, 
wether or not combined with cortical or cancellous bone grafts, to muscle-pedicled 
bone grafts and arteriovenous bundle transplantation. Pedicled bone grafts offer 
viable bone with osteogenetic activity to the necrotic area and arteriovenous bundle 
transplantation offers an intact circulation to the necrotic area (Ganz, 1978; Hori, 
1973, 1978, 1979, 1981; Judet, 1981). The arteriovenous bundle transplantation might 
therefore be a possibility to retain or restore the patient's own femoral head. Hori 
claimed good results with his experimental and clinical work. However, in 1983 
Gartsman indicated that the animal model Hori used in his experiments, was not 
reliable. Therefore, histomorphological evidence that the technique itself is reliable, is 
not available. 
The natural history of IANF shows that the mechanical resistance of necrotic bone in 
the anterosuperior segment of the femoral head reduces in the course of the process, it 
leads eventually to fracture, collapse and fragmentation of the segment, probably due 
to the revascularization of the necrotic bone. 
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An animal experiment was conducted to test avascular and revascularizing cancellous 
bone in the anterosuperior segment of the femoral head in vivo, under normal loading 
conditions. Test specimens were taken to measure the mechanical properties, strength 
and stiffness, of avascular and revascularizing cancellous bone of the femoral head and 
to compare these with the strength and stiffness of normal cancellous bone of the 
femoral head. The relationship between the AVBT and the repair process was 
investigated. 
Three pilot studies were carried out. The avascularization study was ment to study the 
vascular anatomy of the goat, to develop a safe exposure for the hip joint and to create 
and maintain an avascular anterosuperior segment in the femoral head of a goat. The 
anterosuperior segment was removed with a mini-saw and replaced with PMMA-
cement as a barrier between the remaining vital part of the femoral head and the 
segment. 
In the microangiographic study, the technique was practiced and standardized. The 
Rhinelander technique (1962) was extended with an intravenous injection of 30 mgr 
papaverine, Eupaverine® , prior to the infusion (Draenert, 1982). In the third pilot 
study, the revascularization study, the technique of the arteriovenous transplantation 
was developed for the animal model and standardized. 
In the literature no values were available for the strength and stiffness of normal goat 
cancellous bone. Values for human, canine and bovine cancellous bone were reported 
by many authors. Tests, described in Chapter III, supplied us with the data of normal 
cancellous bone material properties in the goat to compare with human cancellous 
bone and with avascular and revascularizing goat cancellous bone. The results also 
reinforce the notion, demonstrated in the literature, that the mechanical properties of 
cancellous bone can be modeled resonably well as quadratic exponential functions of 
apparent density. It must be noted, however, that the exponential and linear models, as 
reported in the literature, are not mutually exclusive. A linear relationship is only 
adequate over a small apparent density range (Carter and Hayes, 1976). The 
significance of the exponential model is, that it describes the entire apparent density 
range from very porous to very dense cancellous bone. Our work supports the 
usefullness of the exponential model over an extended apparent density range, as 
indicated by the combined human and goat studies, and as indicated by the results from 
the testing of cancellous bone from several joints in one animal, essentially eliminating 
bone compositional variations due to different animals and different species. 
The results of the testing of avascular cancellous bone were described in Chapter IV. 
The animal model proved to be reliable. The in vivo isolated avascular anterosuperior 
segment of the femoral head remained avascular until the 24th postoperative week. 
Histomorphological studies showed that the segment was completely avascular and 
therefore no remodelling could occur. Morphometry showed that avascular cancellous 
bone had essentially the same area fraction of bone and bone marrow spaces as normal 
cancellous bone. In the avascular bone, the structural form and the volume of bone did 
not change. Since the mechanical properties are derived, in quasi-static testing, from 
the mineralized bone matrix only, these mechanical properties did not change either, 
compared to the mechanical properties of normal cancellous bone. Segmental collapse 
was not seen and the explanation must be that if revascularization does not occur and 
bone is not remodelled, the matrix will remain as strong and stiff as normal vital 
cancellous bone. The pathogenesis of IANF shows that in the revascularization process 
the eventual resorption is predominant over the osteogenetic front. This undermines 
the strength of the bone, leading to collapse and fragmentation. 
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In Chapter V the avascular segment in the femoral head was allowed to revascularize 
spontaneously, because the cement barrier between the avascular segment and the 
remaining vital part of the femoral head was interrupted by a 2.7 mm drill-hole. The 
radiographic, macroscopic and histomorphological examinations clearly showed that 
the majority, 85%, of the anterosuperior segments were collapsed and joint congruity 
was lost. The histology reveals that the avascular bone was replaced by cell rich 
connective tissue, with a weak osteoplasia but intensive osteolysis. The osteoclasia is 
due to multinucleated osteoclasts or to fibroblasts of the connective tissue growing into 
the bone. 
Morphometry showed that the loss of bone is highly significant when compared to the 
volume of bone in the normal and vital specimens. The mechanical tests indicated that 
the strength and stiffness of revascularizing cancellous bone are significantly lower 
than in the normal and avascular specimens. The apparent density did not decrease 
significantly. The apparent density is determined by removing the bone marrow from 
the bone. The histology showed clearly that hardly no vital bone marrow existed 
anymore and that remnants of trabecular bone were embedded in fibrotic connective 
tissue. This could not be removed from the intertrabecular spaces. The determination 
of the apparent density is therefore unreliable. Morphometric examinations confirmed 
the excessive loss of bone tissue and this is the cause for the significant decrease of the 
strength and stiffness of the passively revascularized cancellous bone. The collapse and 
fragmentation of the anterosuperior segment is therefore the result of the 
revascularization process itself. 
In our experiments, discussed in Chapter VI, the AVBT clearly had a positive influence 
on the repair process when compared to the passively revascularized specimens. 
Although, it did not prevent osteolysis completely, the loss of bone was less 
pronounced. Morphometry showed that the volume of bone compared to normal, vital 
bone decreased from 62% to 53.6%, far less than the passively revascularized 
cancellous bone, where it reduced to 31.5 %. The loss of bone is most intense along the 
interfaces in the saw slits and in the area were the drill- hole is made and the AVBT is 
transplanted. Osteolysis was due to ingrowth of multinucleated osteoclasts and 
fibroblasts. The osteoblastic new bone apposition to the old avital trabeculae was more 
pronounced than in the passively revascularized specimens. The AVBT itself is not a 
difficult technique and can be performed without an operation microscope. 
Mechanical tests with a materials testing machine were not performed, because the 
histomorphological examinations were the prime objective of this study. The 
mechanical test specimens are so big that hardly any material is left for extensive 
histologic and morphometric examinations. However, the specimens remained in vivo 
under normal loading conditions from the first postoperative day. Approximately one 
third of the actively revascularized specimens showed some loss of height of the 
femoral dome as a sign of reduced mechanical strength. Two thirds, did not show any 
loss of height at all. 
CONCLUSIONS 
1. Avascular cancellous bone in the femoral head of a goat is, up to 24 weeks post-
operative, as strong and stiff as normal cancellous bone. 
2. Passive revascularization leads to ingrowth of cell rich connective tissue, with a 
week osteoplasia and intensive osteolysis. 
Osteolysis and loss of bone tissue do not occur in the abcence this connective tissue. 
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3. Fracture, collapse and fragmentation are results of the revascularization process. 
4. The relationship between apparent density, and yield strength and elastic modulus 
of cancellous bone is a quadratic exponential function. The significance if this 
exponential model is, that it describes the entire apparent density range from very 
porous to very dense cancellous bone. 
5. AVBT clearly has a positive influence on the repair process. The loss of bone tissue is 
significantly less than in the passively revascularized specimens. 
6. AVBT does not prevent osteolysis, however, the loss of bone is significantly less than 
in the passively revascularized specimens. Osteoblastic bone apposition is 
significantly more pronounced in the AVBT. 
7. Bone cement itself is not a stimulus for the growth or the development of interface 
tissue, as seen in the saw slits. This interface develops via growth over the cement 
barrier at the edges of the segment or through the drill-hole in the cement barrier. 
In conclusion it can be said that the clinical relevance of the AVBT is still doubtfull. 
After transplantation there is still a significant amount of bone resorption and 
although bone apposition is intensive, the avascular segment is not completely 
remodelled. The AVBT did not come up to the expectations in this experiment. 
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SAMENVATTING, DISCUSSIE EN CONCLUSIES 
BIOMECHANISCH EN HISTOMORFOLOGISCH GEDRAG VAN NORMAAL, 
AVASCULAIR EN REVASCULARISEREND TRABECULAIR BOT. 
Avasculaire necrose van bot ontstaat t.g.v. een storing in de circulatie van het bot. De 
diagnose "idiopathische avasculaire necrose" omvat alle vormen van avasculaire 
necrose die geassocieerd zijn met een aantal verschillende pathologische aandoeningen 
of met bepaalde behandelingen. Ook omvat deze diagnose die vormen van avasculaire 
necrose die met geen enkele ziekte of aandoening geassocieerd zijn (Kenzora, 1985). 
De frequentie van Idiopathische Avasculaire Necrose van de Femurkop (I.A.N.F.) is in 
de loop van de tijd langzaam toegenomen. Het bilateraal voorkomen van idiopathische 
avasculaire necrose van de femurkop wordt ook steeds vaker gezien. Er is een duidelijke 
voorkeur voor het voorkomen bij het mannelijk geslacht. De literatuur vermeldt een 
verhouding man:vrouw die varieert tussen 8 : 1 en 2.6 : 1 De aandoening komt voor 
tussen de leeftijd van 14 en 83 jaar, maar de hoogste frequentie ligt toch beneden de 
leeftijd van 50 jaar. 
De oorzaken die een direct verband hebben met I.A.N.F. kunnen onderverdeeld 
worden in: zekere oorzaken, zoals letsel van de circulatie van de femurkop en in 
waarschijnlijk oorzakelijke factoren. Deze laatste factoren zijn voornamelijk 
geassocieerd met ziekten van de lever en het bloed. Op een complexe wijze leiden zij tot 
het ontstaan van I.A.N.F. (Jacobs, 1978; Park, 1987). Vele auteurs vermelden ook de 
betrokkenheid van sociale en milieufactoren. Omdat de femurkop het meest 
aangedaan is door de avasculaire necrose, moeten locale factoren in deze femurkop een 
belangrijke rol spelen. Eén van deze locale factoren is, zowel in anatomisch als 
functioneel opzicht, de inadequate bloedvoorziening van de femurkop. Twee 
belangrijke groepen arteriolen verzorgen de gehele femurkop, nl. de laterale en mediale 
epiphysaire arteriolen en de superieure en inferieure metaphysaire arteriolen. Echter, 
functioneel gezien, voorzien slechts de laterale epiphysaire arteriolen het 
anterosuperieure segment van de femurkop. Dit is dan ook het grootste en meest 
bedreigde gebied in de femurkop, indien de bloedvoorziening wordt onderbroken. 
Deze onderbreking van de bloedvoorziening kan veroorzaakt worden door direct letsel 
aan de extra-ossale en aan de intra-ossale bloedvaten. 
Verscheidene auteurs, zoals Hungerford (1978, 1981, 1985), Ficat en Arlet (1968, 1981, 
1982, 1983), suggereren, dat de intra-ossale druk ook een zeer belangrijke rol speelt. 
Deze intra-ossale druk kan stijgen door invloeden van de extravasculaire intra-ossale 
elementen in het bot. Door deze verhoogde intra-ossale druk neemt de intramedullaire 
circulatie af en hierdoor ontstaat ischaemie. Een tweede locale factor die een rol speelt 
bij het verloop van I.A.N.F. is de mechanische belasting van de femurkop die 
uiteindelijk de inzakking en fragmentatie van het anterosuperieure segment in de 
femurkop veroorzaakt. Deze inzakking begint met een kleine vermoeidheidsfractuur 
in het subchondral bot die niet adequaat wordt gerepareerd omdat de revascularisatie, 
die begint in de gezonde intertrabeculaire ruimten aan de rand van de ischaemische 
zone en in de synovia van het gewricht, nooit diep genoeg doordringt in het necrotisch 
gebied (Frost, 1964). De uitbreiding van de uiteindelijke penetratie van het 
revascularisatiefront hangt o.a. af van de grootte van het necrotisch gebied en van de 
afnemende intensiteit van de revascularizatie in de loop van de tijd (Chalmers, 1980; 
Fineshi et al., 1982; Kenzora, 1985). 
Het herstelproces van het necrotisch gebied begint met de ontwikkeling van een 
netwerk van nieuwe bloedvaten. Met deze nieuwe bloedvaten arriveren ook 
primordiale cellen, histiocyten en monocyten in het necrotisch gebied. De primordiale 
127 
cellen differentiëren in fibroblasten, Osteoblasten en osteocyten. Deze Osteoblasten zijn 
verantwoordelijk voor de appositie van jong bot tegen de oude dode trabeculae aan. 
Deze avitale trabeculae vormen een excellente basis voor de osteoneogenese. Tot 6 
maanden na het ontstaan van de ischaemie (in dierexperimenten aangetoond door 
Fineshi et al., 1982) verandert er aan deze avitale trabeculae niets. Toch raakt vroeger of 
later de Osteogenese uitgeput. Zelden breidt deze Osteogenese zich meer dan 4 tot 5 mm 
uit in het necrotisch gebied, voordat de primordiale cellen meer en meer differentiëren 
in fibroblasten i.p.v. Osteoblasten en osteocyten. Uiteindelijk ontstaan er duidelijke 
gebieden met voornamelijk fibrotisch beenmerg. Het osteoblastaire front verdwijnt en 
peri-osteocytaire Osteolyse begint. Hierdoor ontstaan locale veranderingen in het bot, 
waardoor het tot op dat moment beschermde apatite in de botmatrix, herkend kan 
worden door phagocyten. 
Phagocytose van de apatite kristallen door mononucléaire phagocyten neemt een 
aanvang. Deze mononucléaire phagocyten fuseren tot multinucleaire osteoclasten, 
waarna de botresorptie duidelijk toeneemt. 
Deze resorptie is vaak uitgebreider dan de Osteogenese en hierdoor wordt de weerstand 
van het bot tegen mechanische belasting duidelijk verminderd (Chalmers, 1980; 
Fineshi, 1982; Kenzora, 1985). 
Dit proces is in het klinische verloop van I.A.N.F., dat onderverdeeld wordt in zes 
stadia, duidelijk waar te nemen. 
Het praeradiologisch stadium en stadium 1 en 2 van I.A.N.F. zijn in het algemeen 
symptoomloos. De vorm en de structuur van het necrotische bot en de femurkop zijn 
nog niet aangetast. Deze drie stadia worden dan ook genoemd: "the silent hips". In 
stadium 3 wordt I.A.N.F. symptomatisch en in stadium 4 neemt de pijn dramatisch toe 
t.g.v. het ontstaan van een subchondrale fractuur. In stadium 5 en 6 vertoont het 
gewricht al tekenen van een degeneratieve osteo-arthrose. 
In het natuurlijk verloop van I.A.N.F. blijkt dat de mechanische belastbaarheid van 
het necrotisch bot in de loop van het proces afneemt en uiteindelijk leidt tot fracturen, 
inzakking en fragmentatie van het segment. Het lijkt er dan ook op dat revascularizatie 
van het necrotische bot zelf de oorzaak is van de verminderde mechanische weerstand. 
De asymptomatische stadia 1 en 2 en het praeradiologische stadium kunnen meestal 
alleen vastgesteld worden bij die patiënten die worden gecontroleerd of behandeld voor 
symptomatische I.A.N.F. aan de contralaterale heup. Het praeradiologisch stadium 
kan worden gediagnostiseerd door gebruik te maken van de onderzoeksmethode 
"functional bone investigation", die ontwikkeld is door Hungerford in 1981. Ook lijkt 
het erop dat Magnetic Resonance Imaging gevoeliger is voor vroege veranderingen in 
het bot t.g.v. avasculaire necrose dan de tot nu toe gebruikte onderzoeksmethoden, 
zoals röntgenfoto's. Het is n.l. zeer belangrijk de diagnose zo vroeg mogelijk te stellen 
en het liefst in die stadia, waarin de heupkop zijn orginele vorm nog heeft behouden. 
Behandeling in deze stadia is er dan ook op gericht om vormverandering in de heupkop 
te voorkomen en het avasculaire bot te revasculariseren. De behandeling varieert van 
decompressie, al dan niet gecombineerd met corticale of spongieuze botplastieken, tot 
zgn. muscle-pedicle bone grafts en transplantatie van bloedvaten. 
Het grote voordeel van levende bottransplantaten met intacte bloedvoorziening is, dat 
zij behalve stevigheid en fixatie ook een osteogenetische activiteit leveren. Tevens wordt 
een intacte circulatie aan het necrotisch gebied aangeboden (Ganz, 1978; Hori, 1973, 
1978, 1979, 1981; Judet, 1981). 
De arterioveneuze bundel transplantatie, zoals ontwikkeld door Hori en ook reeds 
toegepast door Ganz, lijkt een goede mogelijkheid om de femurkop te revasculariseren 
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en te behouden. In zijn artikelen vermeldt Hori goede resultaten van zijn experimenten 
en zijn klinisch werk. Echter in 1983 bewees Gartsman dat het diermodel dat Hori 
gebruikte in zijn experimenten niet betrouwbaar was en dat histomorphologisch bewijs 
dan ook ontbreekt. 
Een dierexperiment werd opgezet om avasculair en revasculariserend bot in het 
anterosuperieure segment van de femurkop in vivo te onderzoeken. Uit deze 
anterosuperieure segmenten werden cylindertjes spongieus bot genomen om de 
mechanische eigenschappen, sterkte en stijfheid, van avasculair en revasculariserend 
trabeculair bot in de femurkop te onderzoeken. De sterkte en de stijfheid van avasculair 
en revasculariserend bot werden vergeleken met dezelfde mechanische eigenschappen 
van normaal trabeculair bot uit femurkoppen. In hetzelfde experiment werd de 
arterioveneuze bundeltransplantatie toegepast en de invloed van deze transplantatie op 
het revascularisatieproces onderzocht. 
De technieken werden ontwikkeld in drie pilot studies. In de eerste studie werd de 
vasculaire anatomie van de geit bestudeerd, technieken werden ontwikkeld om het 
heupgewricht vrij te leggen, het anterosuperieure segment in de femurkop avasculair te 
maken en gedurende minstens 6 weken in vivo avasculair te houden. Hiertoe werd het 
anterosuperieure segment met een A.O.-minizaag uit de femurkop gezaagd en 
vervolgens na schoonmaken weer teruggeplaats met behulp van P.M.M.A.-botcement. 
Dit cement functioneert als een barrière tussen het avitale segment en het vitale deel van 
de femurkop. 
Een tweede studie werd opgezet om de microangiografische techniek te oefenen en te 
standaardiseren. De techniek van Rhinelanden (1972) werd uitgebreid met een 
intraveneuze injectie van 30 mgr papaverine (Eupaverine® ), voorafgaand aan de 
infusie van de Micropaque oplossing (Draenert, 1982). 
In de laatste pilot studie werd de technique om een arterioveneuze bundel te 
implanteren in het avasculaire segment ontwikkeld en gestandaardiseerd. 
Voor het onderzoek naar de mechanische eigenschappen van avasculair en 
revasculariserend trabeculair bot uit de femurkop van de geit, moesten eerst de 
waarden voor sterkte en stij fheid van normaal trabeculair bot worden onderzocht. Van 
trabeculair bot bij de mens, honden en runderen zijn deze gegevens bekend. Het 
onderzoek, beschreven in Hoofdstuk III, leverde de waarden voor de sterkte en 
stijfheid van normaal trabeculair bot bij de geit. Verschillende onderzoekers hebben de 
mechanische eigenschappen van trabeculair bot, sterkte en stijfheid, met betrekking 
tot verschillende weefsel variabelen, zoals schijnbare dichtheid, area fractie en 
trabeculaire oriëntatie, geëvalueerd. Onze resultaten bevestigen de bevindingen uit de 
literatuur, nl. dat de mechanische eigenschappen van trabeculair bot, zowel menselijk 
trabeculair bot als geitenbot, in principe exponentiële functies zijn van de schijnbare 
dichtheid. In de literatuur worden echter zowel exponentiële als lineaire functies 
vermeld. Deze staan echter niet op zichzelf. Een lineaire functie is slechts betrouwbaar 
over een klein gebied van schijnbare dichtheidswaarden. De mathematische relatie 
tussen de mechanische eigenschappen en schijnbare dichtheid van zeer poreus tot zeer 
dicht trabeculair bot is echter duidelijk exponentieel. 
Uit onze resultaten, verkregen uit de gecombineerde studie tussen menselijk en geitebot 
en de resultaten van de mechanische testen op trabeculaire bot uit de verschillende 
gewrichten van één dier, wordt dit exponentiële model bevestigd. 
In hoofdstuk IV worden de resultaten van de mechanische testen op avasculair 
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trabeculair bot beschreven. De histomorphologische studies bewezen dat het segment 
avasculair en avitaal bleef tot zeker 24 weken na de operatie. Een morphometrische 
studie (C.P.M .-methode, Texas Intruments) gafáis resultaat dat avasculair trabeculair 
bot in essentie dezelfde percentages botvolume en volume intertrabeculaire ruimten 
had als normaal trabeculair bot. De structuur van avasculair bot en het botvolume 
veranderde niet. 
Aangezien de mechanische eigenschappen alleen afhankelijk zijn van de gemine-
raliseerde botmatrix veranderden deze mechanische eigenschappen, vergeleken met de 
mechanische eigenschappen van normaal, vitaal trabeculair bot, niet. Fracturen en 
inzakkingen van de segmenten werden in dit deel van het onderzoek niet gezien, omdat 
de revascularisatie totaal ontbrak. 
In Hoofdstuk V werd de cementbarrière tussen het avasculaire segment en het vitale 
gedeelte van de femurkop onderbroken d.m.v. een boorgat van 2.7 mm. Hierdoor kon 
vanuit het vitale gedeelte van de femurkop de revascularisatie spontaan op gang 
komen. De röntgenologische, macroscopische en histomorphologische onder-
zoekingen toonden duidelijk aan dat meerderheid, ruim 85%, van de anterosuperieure 
segmenten uiteindelijk een inzakking vertoonde. De histologische onderzoekingen 
toonden hierbij aan dat het avasculaire bot vervangen is door celrijk bindweefsel, 
waarin een geringe osteoplasie optrad, maar waarin zeer intensieve Osteolyse 
overheerste. De osteoclasie werd veroorzaakt door multinucleaire osteoclasten of door 
fibroblasten, die vanuit het bindweefsel het bot ingroeiden. De morphometrische 
studie liet, vergeleken met normaal vitaal trabeculair bot, een hoog significant verlies 
aan botvolume zien in deze spontaan gerevasculariseerde segmenten. De mechanische 
onderzoeken bewezen ook dat de sterkte en de stijfheid van spontaan revasculariserend 
trabeculair bot significant lager waren dan in normaal en avasculair trabeculair bot. De 
schijnbare dichtheid daalde echter veel minder dan verwacht. Het histologisch 
onderzoek liet zien dat er geen vitaal beenmerg meer aanwezig was en dat dit vervangen 
was door dicht fibrotisch bindweefsel met hier en daar restanten avitaal trabeculair 
bot. De bepaling van de schijnbare dichtheid was volledig onbetrouwbaar, omdat het 
fibrotische weefsel niet van het botweefsel gescheiden kon worden bij de bepaling. Het 
significant verlies aan botweefsel werd bevestigd door de morphometrische bepalingen 
en dit was dus de oorzaak van het significant verlies aan sterkte en stijfheid. Het blijkt 
dus dat het revascularisatieproces, waarin de resorptie dominant is over de 
Osteogenese, uiteindelijk zelf de oorzaak is voor fracturen, inzakking en fragmentatie 
van het anterosuperieur segment. 
Hoofdstuk VI behandelt de techniek en de histomorphologische resultaten van 
arterioveneuze bundeltransplantaties in het avasculaire anterosuperieure segment van 
de femurkop in dit diermodel. Hiertoe werd door het 2.7 mm boorgat, de huidtak van 
de arteria en vena circumflexa ilium profunda, geïmplanteerd in het segment. 
Mechanische testen werden niet uitgevoerd, omdat anders te veel materiaal verloren 
ging voor betrouwbare histomorphologische onderzoekingen. De arterioveneuze 
bundeltransplantatie had significant een positieve invloed op de remodellering van het 
avasculaire bot, indien dit vergeleken werd met de spontane, passieve revascularisatie 
die beschreven is in hoofdstuk V. Echter Osteolyse trad nog steeds op, doch het verlies 
aan botvolume was duidelijk minder. De morphometrische studie toonde aan dat het 
botvolume, vergeleken met normaal vitaal trabeculair bot afnam van 62% tot 53.6%. 
Dit was echter significant minder dan het verlies aan bot bij de spontaan 
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gerevasculariseerde trabeculaire segmenten, waar het volume aan bot slechts 31.5% 
was. Het verlies aan bot was het meest uitgesproken ter plaatse van de interface, die zich 
ontwikkeld heeft langs de randen van de zaagsneden en het boorgat, waar de 
arterioveneuze bundel was geïmplanteerd. Osteolyse werd veroorzaakt door 
multinucleaire osteoclasten of door fibroblasten, die het bot ingroeiden vanuit deze 
interface. Echter de osteoblastaire botappositie op de oude avitale trabeculae was veel 
meer uitgesproken, vergeleken met de spontaan gerevasculariseerde segmenten. De 
arterioveneuze bundel zelf werd onderzocht met behulp van serie coupes, gekleurd met 
een Elastine-van Gieson kleuring. Het blijkt dat over het gehele onderzochte traject 
zowel de arterie als de vene een open lumen hadden. Er waren geen tekenen van 
obliteratie van de vaten of van thrombose. De arterioveneuze bundeltransplantatie zelf 
is geen moeilijke techniek en kan worden uitgevoerd zonder operatiemicroscoop. 
Mechanische onderzoekingen werden niet uitgevoerd, maar de anterosuperieure 
segmenten werden, zowel in het avasculaire als in het gerevasculariseerde stadium van 
het experiment, normaal vanaf de eerste dag postoperatief belast, omdat de geiten 
volledige vrijheid van bewegen kregen op de buitenboerderij van het Centraal 
Dierenlaboratorium. Slechts !/з van de anterosuperieure segmenten uit dit onderzoek, 
vertoonde een geringe afname van de originele hoogte van het segment. Tweederde was 
volledig intact en geen enkel segment vertoonde een fractuur, inzakking of 
fragmentatie. 
CONCLUSIES 
1. Tot 24 weken na de operatie blijft avasculair trabeculair bot in de femurkop van de 
geit even sterk als het normale vitale trabeculaire bot. 
2. Het ontstaan van celrijk fibrotisch bindweefsel treedt vooral op bij de spontane 
revascularisatie. Dit gaat gepaard met een geringe osteoplasie, doch met een zeer 
intensieve Osteolyse. Indien het fibrotische bindweefsel zich niet ontwikkeld zal 
Osteolyse en verlies aan botweefsel niet optreden. 
3. Fracturen van het trabeculaire bot, inzakking en fragmentatie van het antero­
superieure segment is het resultaat van het revascularisatie proces. 
4. De mathematische relatie tussen de schijnbare dichtheid en de sterkte en de stijfheid 
is een quadratisch exponentiële functie. De betekenis van deze exponentiële functie 
is, dat het de relatie tussen de schijnbare dichtheid en de mechanische eigenschappen 
vertegenwoordigt van zeer poreus tot zeer dicht trabeculair bot. 
5. De arterioveneuze bundeltransplantatie heeft een significant positieve invloed op 
het remodelleringsproces. Het verlies van botweefsel is significant lager dan in de 
spontaan gerevasculariseerde segmenten. 
6. De arterioveneuze bundeltransplantatie verhindert de Osteolyse niet, echter het 
verlies aan botweefsel is significant lager dan in de spontaan gerevasculariseerde 
segmenten en de osteoblastische botappositie op de oude avitale trabeculae is 
significant hoger. 
7. Uit de histomorphologische onderzoekingen blijkt dat botcement zelf geen prikkel 
is voor het ontstaan en groei van de interface. De interface die zich in dit onderzoek 
ontwikkelde langs de randen van de zaagsneden, groeide vanuit het gezonde vitale 
deel van de femurkop en vanuit de synoviaalmembraan, over de cementbarriere heen 
het segment in. 
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Tot slot kan worden gesteld dat de klinische betekenis van de A.V.B.T. nog steeds 
twijfelachtig is. Na transplantatie van de vaatbundel treedt nog steeds een duidelijke 
botresorptie op. Het botverlies is significant t.o.v. normaal gevasculariseerd trabeculair 
bot en ofschoon de botappositie zeer intensief is, wordt het avasculaire segment niet 
volledig geremodelleerd. De A.V.B.T. heeft in dit experiment niet aan de verwachtingen 
kunnen voldoen. 
132 
Literature 
-Ackermann W, Taillard W: Transplantation von konservierter, homogener 
Spongiosa. 
1977. Ζ Orthop 115: 679-686. 
- Adkins, KF: Alizarin Red S as an intravital fluorochrome in mineralizing tissues. 
1965. Stain Technology vol 40, no 2: 69. 
-Albrektsson T, Albrektsson B: Microcirculation in grafted bone. A Chamber 
Technique for Vital Microscopy of Rabbit Bone Transplants. 1978. Acta Orthop 
Scand 49: 1-7 
- Albrektsson T: Microangiographic Representation of the Microvascular System in 
Bone Tissue. A Vital Microscopic Evaluation in the Rabbit. 1981. Clin Orth Rel Res 
159:286-293. 
- Amstutz HC, Christie J, Mensch JS: Treatment of osteonecrosis of the hip. The Hip 
(Proc 3rd Mtg of the Hip Soc, 1975): 19-34, St Louis, CV Mosby Co, 1975. 
- Amstutz HC: The Tharies Hip Resurfacing Technique. 1982. Orthop Clin NA vol 13 
no 4: 813-832 
-Andresen J, Nielsen HE: Osteonecrosis in Renal Transplant Recipients. Early 
Radiological Detection and Course. 1981. Acta Orthop Scand 52: 475-479. 
- Arlet J, Ficat P: Diagnostic de l'ostéo-nécrose fémoro-capitale primitive au stade I. 
1968. Revue de Chirurgie Orthop, tome 54 no 7: 637-648. 
- Arnoldi CC: Intravertebral pressures in patients with lumbar pain. A preliminary 
Communication. 1972. Acta Orthop Scand 43: 109-117. 
-Abt В, Altekruse M, Brinckmann Ρ: Die Beanspruchung von Hüftgelenke mit 
idiopathischer Koxarthrose im Vergleich zur Beanspruchung gesunder Hüftgelenke. 
1981. Ζ Orthop 119: 382-386. 
- Ascenzi A, Bonucci E: The compressive Properties of Single Osteons. 1960. Anat Ree 
161: 377-392. 
-Ashman RB, Corin JD, Turner CH: Elastic properties of cancellous bone: 
measurement by an ultrasonic technique. 1987. J. Biomechanics vol 20 no 10:979-986. 
-Atsumi T, Kuroki Y, Saito S, Ohgiya H, Sugimori H, Yoshida M: On the 
revascularization in both idiopathic and traumatic necrosis of the femoral head. The 
Hip. Clinical Studies and Basic Research: 177-180: Paris, Elsevier, 1984. 
- Baadsgaard K, Medgyesi S: Muscle-pedicle bone grafts. An Experimental Study. 
1965. Acta Orthop Scand 35: 279-293 
- Batory I: Die Grenzen des Physiologischen and Anfänge des Pathologischen in der 
Entwicklung der proximalen Femurepiphyse. 1981. Ζ Orthop 119: 374-381. 
- Bauer GCH: Radiopharmaceutical imaging of osteonecrosis of the femoral head. 
1979. The Hip. (Proc 7th Mtg of the Hip Soc, 1979): 201-217: St. Louis, CV Mosby Co, 
1979. 
- Bauer GCH: Ceder L, Hansson LI, Palmer J, Strömqvist В, Weber DA: Dynamics or 
post-traumatic necrosis of the femoral head studied with 99m-TcDMP imaging 
techniques. 1982. 28th Annual ORS, New Orleans, Louisiana: 19-21. 
- Bentzen SM, Hvid I, Jorgensen J: Mechanical strength of tibial trabecular bone 
evaluated by X-ray computed tomography. 1987. J. Biomechanics vol 20 no 8: 
743-752. 
133 
- Berggren A, Weiland AJ, Dorfman H: The Effect of Prolonged Ischemia Time on 
Osteocyte and Osteoblast Survival in Composite Bone Grafts Revascularized by 
Microvascular Anastomoses. 1982. Plastic and Reconstructive Surgery vol 69 no 2: 
290-298. 
- Bluemm RG, Falke THM, Ziedses des Plantes jr BG, Steiner RM: Early Legg-Perthes 
disease (ischemic necrosis of the femoral head) demonstrated by magnetic resonance 
imaging. (1985). Skeletal Radiol 14: 95-98. 
- Boettcher WG, Bonfiglio M, Hamilton HH, Sheets RF, Smith K: Non-Traumatic 
Necrosis of the Femoral Head. Part I. Relation of Altered Hcmostasis to Etiology. 
1970. J Bone Jt Surg 52-A: 312-321. 
- Boyd RJ, Ault LL: An experimental study of vascular implantation into the femoral 
head. 1965. Surgery Gynecology and Obstetrics, Nov 1965: 1009-1014. 
-Branemark PI, Breine U, Johansson B, Roylance PJ, Röckert H, Yoffey JM: 
Regeneration of bone marrow. A clinical and experimental study following removal 
of bone marrow by curettage. 1964. Acta Anat 59: 1-46. 
- Brookes M: Sequelae of experimental partial ischaemia in long bones of the rabbit. 
Journal of Anatomy. 1960. vol 94: 552-561. 
- Brown ThD, Ferguson jr AB: Mechanical Property Distributions in the Cancellous 
Bone of the Human Proximal Femur. 1980. Acta Orthop Scand 51: 429-437. 
- Brown ThD, Meischler ThA, Ferguson AB: A non-linear finite element analysis of 
some early collapse processes in femoral head osteonecrosis. 1982. J. Biomechanics 
vol 13 no 9: 705-715. 
- Behrens JC, Walker PS, Shoh H: Variations in strength and structure of cancellous 
bone at the knee. 1974. J. Biomechanics vol 7: 201-207. 
- Bucholz RW, Ogden JA: Patterns of ischemic necrosis of the proximal femur in non-
operatively treated congenital hip disease. The Hip (Proc 6th Mtg of the Hip Soc, 
1978): 43-63, St Louis, CV Mosby Co, 1978. 
- Burchardt H: Biology of Bone Transplantation. 1987. Orthop Clin NA vol 18 no 2: 
187-196. 
- Calandriello B, Grassi G: Idiopathic osteonecrosis of the femoral head. 
Epidemiological and aetiological factors. 1982. Italian J of Orthop and Traum suppl 
to vol VIII: 9-18. 
- Canalis RF: Further Observations on the fate of pedicle osteocutaneous grafts. 1979. 
Otolaryngol Head Neck Surg 87: 763-767. 
- Camp JF, Colwell jr CW, Jolla L: Core Decompression of the Femoral Head for 
Osteonecrosis. 1986. J Bone Jt Surg 68-A: 1313-1319. 
- Carter DR: Bone Compressive Strength: The Influence of Density and Strain Rate. 
1976. Science 194:1174-1175. 
- Carter DR, Hayes WC: Compact Bone Fatigue Damage. 1977. Clin Orthop Rel Res 
127: 265-273. 
- Carter DR, Hayes WC: The Compressive Behaviour of Bone as a Two-Phase Porous 
Structure. 1977. J Bone Jt Surg 59-A: 954-962. 
- Carter DR, Caber WE, Spengler DM, Franken VH: Fatigue behaviour of adult 
cortical bone: the influence of mean strain and strain range. Acta Orthop Scand 52: 
481-490. 
-Catto M: A histological study of avascular necrosis of the femoral head after 
transcervical fracture. 1965. J Bone Jt Surg 47-B: 749-776. 
- Catto M: The histological appearances of late segmental collapse of the femoral head 
after transcervical fracture. 1965. J Bone Jt Surg 47-B: 777-791. 
134 
- Chacha PB: Vascularized Pedicular Bone Grafts. 1984. Intern Orthop 8: 117-138. 
- Chambers TJ, Path MRC: The Cellular Basis of Bone Resorption. 1980. Clin Orthop 
Rel Res 151: 283-293. 
-Crock HV, Crock C: The blood supply of the lower limb bones in man. 1967. 
Livingstone Ltd, Edinburgh-London. 
- Crock H V: An Atlas of the Supply of the Head and Neck of the Femur in Man. 1980. 
Clin Orthop Rel Res 152: 17-27. 
-Crossan JF, Adams FG, Horton Ρ, Hamblen DL: The use of 99m Technetium 
scintigraphy for the detection of avascular necrosis of the femoral head following 
intracapsular fracture. 1977. J Bone Jt Surg 59-B: 375. 
- Cruess RL: Experience with Steroid-induced Avascular Necrosis of the Shoulder and 
Etiologic Considerations Regarding Osteonecrosis of the Hip. 1978. Clin Orthop Rel 
Res 130: 86-93. 
- Cruess RL: The Current Status of Avascular Necrosis of the Femoral Head. 1978. 
Clin Orthop Rel Res 131: 309-311. 
- Currey JD: The effects of strain rate reconstruction and mineral content on some 
mechanical properties of bovine bone. 1975. J Biomechanics vol 8: 81-86. 
- D'Ambrosia RD: Experience with 18F Scintigraphy in Avascular Necrosis Disorders 
of Bone. 1974. J Bone Jt Surg 56-A: 205. 
- DAmbrosia RD, Shoji H, Riggins RS, Stadalnik RC, DeNardo GL: Scintigraphy in 
the Diagnosis of Osteonecrosis. Clin Orthop Rel Res 130: 139-142. 
- Day B, Shim SS: Increased femoral head vascularity after an iliopsoas muscle pedicle 
bone graft. 1979. Surgical Forum: 494-496. 
-Dickerson RC, Duthie RB: The Diversion of Arterial Blood Flow to Bone. A 
Preliminary Report. 1963. J Bone Jt Surg 45-A: 356-364. 
- Dickerson RC: The diversion of arterial blood flow to growing bone. 1966. Surgery 
Gynecology and Obstetrics: 103-110. 
- Dickerson RC: An improved method for diversion of arterial blood flow to bone. 
1968. J Bone Jt Surg 50-A: 1036. 
- Doi K, Tominaga S, Shibata T: Bone Grafts with Microvascular Anastomoses of 
Vascular Pedicles. An Experimemtal Study in Dogs. 1977. J Bone Jt Surg 59-A: 
809-815. 
- Draenert K: Histomorphology of the bone-to-cement interface: remodeling of the 
cortex and revascularization of the medullary canal in animal experiments. The Hip 
(Proc 10th Mtg of the Hip Soc, 1982): 71-110: St Louis, CV Mosby Co, 1982. 
- Ducheyne P, Heymans L, Martens M, Aernoudt E, de Meester Ρ, Mulier JC: The 
mechanical behaviour of intracondylar cancellous bone of the femur at different 
loading rates. 1977. J Biomechanics vol 10: 747-762. 
- Eftekhar NS, Schink-Ascani MM, Mitchell SN, Bassett CAL: Osteonecrosis of the 
femoral head treated by pulsed electromagnetic fields (PEMFs): a preliminary report. 
The Hip (Proc 11th Mtg of the Hip Soc, 1983): 306-330, St Louis, CV Mosby Co, 1983. 
- Eger W, Götz F, Kämmerer H: Herstellung von Dünnschliffen aus Knochen und 
Weichgewebe nach Markierung mit Tetracyclinen. 1964. Langenbecks Arch Klin Chir 
306: 205-214. 
- Enneking WF: The choice of surgical procedures in idiopathic aseptic necrosis. The 
Hip (Proc 7th Mtg of the Hip Soc): 238-243, St Louis, CV Mosby Co, 1979. 
-Enneking WF: Clinical Musculoskeletal Pathology. Ed by W.F. Enneking, 1986, 
Gainesville, Florida, USA. 
- Favenesi JA, Gardeniers JWM, Huiskes R, Slooff TJJH: Mechanical properties of 
135 
normal and avascular bone. 1983. Biomat and Biomech 1983, ed by G. van der Perre 
and A.E. Aubert: 121-126, Amsterdam 1984, Elsevier Science Publishers. 
-Feith R: Side-effects of acrylic cement implanted into bone. A histological, 
(micro)angiographic, fluorescence-microscopy and autoradiographic study in the 
rabbit femur. 1975. Acta Othop Scand, suppl no 161: 68-69, 103-107. 
- Ferguson jr, AB: Segmental Vascular Changes in the Femoral Head in Children and 
Adults. 1985. Clin Orthop Rel Res 200: 291-298. 
- Ficat RP: Early Diagnosis of Osteonecrosis by Functional Bone Investigation. 1981. 
Progress Orthop Surg 5: 17-28, Berlin, Springer Verlag. 
- Ficat RP: Idiopathic Osteonecrosis of the femoral head. Forage-biopsy. 1982. Italian 
J Orthop Traum suppl to vol VIII: 123-130. 
- Ficat RP: Treatment of avascular necrosis of the femoral head. The Hip (Proc 11th 
Mtg of the Hip Soc, 1983): 279-305, St Louis, CV Mosby Co, 1983. 
-Finerman GAM, Milch RA: In Vitro Binding of Tetracyclines to Calcium. 1963. 
Nature 198: 486-487. 
- Fineschi, De Santis E: Idiopathic osteonecrosis of the femoral head. Pathogenesis 
and physiopathology. 1982. Italian J orthop and Traum suppl to vol VIII: 19-48. 
- Freeman MAR, England JPS, Zahir A: Pathogenesis of Perthes' disease - some 
observations in the dog. 1971. J Bone Jt Surg 53-B: 554. 
- Freeman MAR, England JPS: Experimental Infarction of the Immature Canine 
Femoral Head. 1969. Proc Roy Soc Med: 431-434. 
- Freeman MAR, Bradley GW: 1CLH Double Cup Arthroplasty. 1982. Orthop Clin 
NA vol 13 no 4: 799-811. 
-Freytag, К: Arterien und Venen an der Beckengliedmasse des Schafes. 1962. 
Inaugural-Dissertation, Tierärztlichen Hochschule Hannover. 
- Frost HM: Measurement of human bone formation by means of tetracycline 
labelling. 1963. Canadian J Biochem and Physiol 41: 31-42. 
- Frost HM: Tetracycline-based histological analysis of Bone Remodeling. 1969. Cale 
Tiss Res, vol 3, 211-237. 
- Galante J, Rostoker W, Ray RD: Physical Properties of Trabecular Bone. 1970. Cale 
Tiss Res 5: 236-246. 
- Gallinaro P, Rossi P, Giacometti R, Massé G: Idiopathic osteonecrosis of the femoral 
head. Treatment by flexion osteotomy. 1982. Italian J Orthop Traum suppl to vol 
VIII: 131-138. 
- Ganz R, Liithi U, Rahn B, Perren SM: Intraartikuläre Druckerhöhung und epiphysäre 
Durchblutungsstörung. Ein experimentelles Untersuchungsmodell. 1981. Orthopäde 
10: 6-8. 
- Ganz R: Beitrag zur operativen Behandlung des Morbus Perthes beim älteren Kind. 
1982. Orthopäde 11: 21-23. 
- Ganz R, Büchler U: Overview of attempts to revitalize the dead head in aseptic 
necrosis of the femoral head - osteotomy and revascularization. The Hip (Proc 11th 
Mtg of the Hip Soc, 1983): 296-305, St Louis, CV Mosby Co, 1983. 
-Gardeniers JWM, Favenesi JA, Huiskes R, Slooff TJJH: Mechanische 
eigenschappen van normaal, avasculair en gerevasculariseerd trabeculair bot. 
Jubileumboek (ed by TJJH Slooff et al): Instituut voor Orthopaedie, University of 
Nijmegen, 1987. 
- Gartsman GM, Weiland AJ, Randoph M: Blood vessel transplantation into ischemic 
bone. 1983. 29th Annual ORS, Anaheim, California: 261. 
- Gérard Y: Treatment of Idiopathic Necrosis of the Femoral Head by Modified Cup 
136 
Arthroplasty. 1981. Progress Orthop Surg vol 5, Springer Verlag, Berlin, Heidelberg, 
New York: 81-86. 
- Ghoshal NG, Getty R: The Arterial Supply to the Appendages of the Goat (Capra 
hircus). 1967. Issue no 3: 123-144. 
- Ghoshal NG, Getty R: Comperative Morphological Study of the Major Arterial 
Supply to the Pelvic Limb of the Domestic Animals. 1969. Iowa State University 
Veterinarian Issue no 5:453-470. 
- Glimcher MJ, Kenzora JE: The Biology of Osteonecrosis of the Human Femoral 
Head and its Clinical Implications: An Abridged Communication. 1978. Clin Orthop 
Rel Res 130: 47-50. 
- Glimcher MJ, Kenzora JE: The Biology of Osteonecrosis of the Human Femoral 
Head and its Clinical Implications: I. Tissue Biology. 1979. Clin Orthop Rel Res 138: 
285-309. 
- Glimcher MJ, Kenzora JE: The Biology of Osteonecrosis of the Human Femoral 
Head and its Clinical Implications: III Discussion of the Etiology and Genesis of the 
Pathological Sequelae; Comments on Treatment. 1979. Clin Orthop Rel Res 140: 
273-312. 
- Goldberg VM, Shaffer JW, Field G, Davy DT: Biology of Vascularized Bone Grafts. 
1987. Orthop Clin NA vol 18 no 2: 197-206. 
- Goldstein SA, Wilson DL, Sonstegard DA, Matthews LS. The mechanical properties 
of human tibial trabecular bone as a function of metaphyseal location. 1983. J 
Biomechanics vol 16: 965-969. 
-Gossling HR, Pellegrini jr VD: Fat Embolism Syndrome. A Review of the 
Pathophysiology and Physiological Basis of Treatment. 1982. Clin Orthop Rel Res 
165: 68-82. 
- Göthman L: Vascular reactions in experimental fractures. Microangiographic and 
radioisotope studies. 1961. Acta Chir Scand: supplementum 284. 
- Gowans Laing P: The blood supply of the femoral shaft. An Anatomical Study. 1953. 
J Bone Jt Surg 35-B: 462-466. 
-Gregg PJ, Wälder DN: Scintigraphy versus radiography in the early diagnosis of 
experimental bone necrosis. 1980. J Bone Jt Surg 62-B: 214-221. 
- Gregg PJ, Walder DN: Regional distribution of circulating microspheres in the femur 
of the rabbit. 1980. J Bone Jt Surg 62-B: 222-226. 
- Hayes WC, Carter DR: Postyield Behaviour of Subchrondal Ttabecular Bone. 1976. J 
Biomed Mater Res Symp 7: 537-544. 
- Head WC: The Wagner Surface Replacement Arthroplasty. 1982. Orthop Clin NA 
vol 13 no 4: 789-797. 
- Heard JL, Schneider CS: 1978. Radiographic Findings in Commercial Divers. Clin 
Orthop Rel Res 130: 129-138. 
- Heiple KG, Goldberg VM, Powell AE, Bos GD, Zika JM: Biology of Cancellous Bone 
Grafts. 1987. Orthop Clin NA vol 18 no 2: 179-186. 
- Hewlett CR, Bryden MM: Anatomy of the arterial supply to the hip joint of the ox. 
1971. J Anat 110: 343-348. 
-Hungerford DS, Zizic ThM: Alcoholism Associated Ischemic Necrosis of the 
Femoral Head: Early Diagnosis and Treatment. 1978. Clin Orthop Rel Res 130: 
144-153. 
- Hungerford DS: Bone marrow pressure, venography, and core decompression in 
ischemic necrosis of the femoral head. The Hip (Proc 7th Mtg of the Hip Soc, 1979): 
218-237, St Louis, CV Mosby Co, 1979. 
137 
- Hungerford DS: Early Diagnosis and treatment of Ischemic Necrosis of the Femoral 
Head. 1981. Progress Orthop Surg vol 5, Springer Verlag, Berlin, Heidelberg, New 
York: 29-46. 
- Hungerford DS: Personal Communication. 1982. 
- Hungerford DS: Pathogenesis of ischemic necrosis of the femoral head. The Hip 
(Proc 11th Mtg of the Hip Soc, 1983): 249-262, CV Mosby Co, St Louis, Toronto, 1983. 
- Hungerford DS, Lennox DW: The Importance of Increased Intraosseous Pressure in 
the Development of Osteonecrosis of the Femoral Head: Implications for Treatment. 
1985. Orthop Clin NA vol 16 no 4: 635-654. 
- Hori Y, Masuhara K, Tamai S, Okuda H, Sakamoto H, Takita T: Blood Vessel 
Transplantation to Bone. 1978. J Jap Orthop Ass 52: 25-44. 
- Hori Y, Tamai S, Okuda H, Takita T, Masuhara K: Blood vessel transplantation to 
bone. 1979. J Hand Surg vol 4 no 1: 23-33. 
-Hori Y: Revitalization of the Osteonecrotic Femoral Head by Vascular Bundle 
Transplantation. 1981. Progress Orthop Sug vol 5, Springer Verlag, Berlin, 
Heidelberg, New York: 47-54. 
- Hori Y: Personal communication. 1982. 
-Huiskes R, Favenesi JA, Gardeniers JWM, Pöttgens M, Slooff TJJH. 1984. 
Mechanical properties of trabecular bone. An Experimental and finite element study. 
The Fourth Meeting of the European Society of Biomechanics, Davos, 1984. 
- Huiskes R, Nunamaker D: Local Stress Patterns and Bone-Remodelling at Implant-
Bone Interfaces. 1984. Submitted 30th Annual Meeting ORS, Atlanta. 
- Inoue A, Ono K: A histological study of idiopathic avascular necrosis of the head of 
the femur. 1979. J Bone Jt Surg 61-B: 138-143. 
-Iwasaki K, Suzuki R, Okazaki T, Ikeda S, Inoue Y, Shimauchi R: The 
Haemodynamics of Perthes' Disease. An Intraosseous Venographic Study Combined 
with Measurement of the Intramedullary Pressure. 1982. Internat Orthop vol 6: 
141-148. 
- Jacobs B: Epidemiology of Traumatic and Nontraumatic Osteonecrosis. 1978. Clin 
Orthop Rel Res 130: 51-67. 
- Jergesen HE, Heller M, Genant HK: Magnetic Resonace Imaging in Osteonecrosis of 
the Femoral Head. 1985. Orthop Clin NA vol 16 no 4: 705-716. 
- Johnson LC: Histogenesis of avascular necrosis. Proc Conf Aseptic Necrosis femoral 
head. 1964. Nihm Usph, St Louis: 55-76. 
- Jones JP: Editorial Comment. Osteonecrosis. 1978. Clin Orthop Rel Res 130:2-4. 
- Jones JP. Behnke AR: Prevention of Dysbaric Osteonecrosis in Compressed-Air 
Workers. 1978. Clin Orthop Rel Res 130: 118-128. 
-Jones JP: Osteonecrosis. 1985. Arthritis and Allied Conditions. A textbook of 
Rheumatology, 10th ed, Philadelphia, Lea&Febigor: 1356-1369. 
- Jones JP: Fat Embolism and Osteonecrosis. 1985. Orthop Clin NA vol 16 no 4: 
595-634. 
- Judet H, Judet J, Gilbert A: Vascular Microsurgery in Orthopaedics. 1981. Internat 
Orthop 5: 61-68. 
- Kalamchi A, MacEwen GD: Avascular Necrosis Following Treatment of Congenital 
Dislocation of the Hip. 1980. J Bone Jt Surg 62-A: 876-888. 
- Kaplan SJ, Stone JL, Beaupré GS, Hayes WC: Tensile strength of bovine trabecular 
bone. 1985. Biomechanics, 18: 723-727. 
- Kawai K, Maruno H, Hirohata K: Fat necrosis of osteocytes as a causative factor in 
idiopathic necrosis of the femoral head in man. 1983. 29th Annual ORS, Anaheim, 
California: 263. 
138 
- Kawashima M, Torisu Τ, Hayashi К, Kitano M: Pathological Review of Osteonecrosis 
in Divers. 1978. Clin Orthop Rel Res 130: 107-117. 
-Keller TS, Hansson TH, Panjabi MM, Spengler DM: Regional variations in the 
compressive properties of human lumbar vertebral trabeculae: Influence of tissue 
physical characteristics. 1986. North American Congress on Biomechnics, Montreal 
(Quebec) Canada: 147-148. 
- Kenzora JE, Sledge CB: Hip arthroplasty and the renal transplant patient. The Hip 
(Proc 3rd Mtg of the Hip Soc, 1975): 35-59, St Louis, CV Mosby Co, 1975. 
- Kenzora JE, Steele RE, Yosipovitch ZH, Glimcher MJ: Experimental Osteonecrosis 
of the Femoral Head in Adult Rabbits. 1978. Clin Orthop Rel Res 130: 8-46. 
- Kenzora JE, Glimcher MJ: Accumulative Cell Stress: The Multifactorial Etiology of 
Idiopathic Osteonecrosis. 1985. Orthop Clin NA vol 16 no 4: 669-680. 
-Kenzora JE, Glimcher MJ: Pathogenesis of Idiopathic Osteonecrosis: The 
Ubiquitous Crescent Sign. 1985. Orthop Clin NA vol 16 no 4: 681-696. 
- Kenzora JE: Treatment of Idiopathic Osteonecrosis: The Current Philosophy and 
Rationale. 1985. Orthop Clin NA vol 16 no 4: 717-726. 
- Kerschbaumer F, Hausbrandt D, Bauer R: Langzeitverlauf der Osteochondrosis 
dissecans der Hüfte (ODH) nach Varisationsosteotomie. 1981. Orthopäde 10: 72-74. 
- King KF: Periosteal pedicle grafting in dogs. 1976. J Bone Jt Surg 58-B: 117-121. 
- Kotz R: Transtrochanteric Ventral Rotation Osteotomy after Sugioka for Treatment 
of Femoral Head Necrosis. 1981. Progress Orthop Surg vol 5, Springer Verlag, Berlin, 
Heidelberg, New York: 55-62. 
- Larsen RM; Intramedullary pressure with particular reference to massive diaphyseal 
bone necrosis. Experimental observations. 1938. Annuals of Surgery: 108-140. 
- Launay J: De la vascularisation arterielle des muscles de la jambe de la chèvre. 1952. 
Thèse pour le Doctorat Vétérinaire. Alfort, France. 
- Lemperg RK, Arnoldi CC: The Significance of Intraosseous Pressure in Normal and 
Diseased States with Special Reference to the Intraosseous Engorgement-Pain 
Syndrome. 1978. Clin Orthop Rel Res 136: 143-156. 
- Lièvre CA, Cinicola M: 1982. Idiopathic osteonecrosis of the femoral head. Clinical 
aspects, radiology, differential diagnosis. 1982. Italian J Orthop Traum suppl to vol 
VIII: 87-104. 
- Lindahl O, Lindgren AGH: Cortical bone in human. Variation of the Amount and 
Density with Age and Sex. 1967. Acta Orthop Scand 38:133-140. 
- Lindahl O: Mechanical properties of dried defatted spongy bone. 1976. Acta Orthop 
Scand 47:11-19. 
- Littrup PJ, Aisen AM, Braunstein EM, Martel W: Magnetic resonance imaging of 
femoral head development in roentgenographically normal patients. 1985. Skeletal 
Radiol 14: 159-163. 
- Lucht U, Djurhuus JC, Sorensen S, Bünger С, Sneppen О: The relationship between 
increasing intraarticular pressures and intraosseous pressures in the juxtaarticular 
bones. An Experimental Investigation in Dogs. 1981. Acta Orthop Scand 52:491-495. 
- Mankin H J, Brower ТВ: Bilateral Idiopathic Aseptic Necrosis of the Femur in Adults: 
"Chandler's Disease". 1962. Bull Hosp for Joint Dis., 23: 42-57. 
- Marchetti PG, Jacchia GE, D'Arienzo M, Giannini S, Innocenti M, Marcacci M: 
1982. Idiopathic osteonecrosis of the femoral head. Natural evolution and indications 
for conservative treatment of ΙΑΝΕ Italian J Orthop Traum suppl to vol VIII: 
107-122. 
139 
-Marcus ND, Enneking WF, Massam RA: The Silent Hip in Idiopathic Aseptic 
Necrosis. 1973. J Bone Jt Surg 55-A: 1351-1366. 
- May, NDS: The anatomy of sheep. 1964. 2nd Ed University of Queensland Press, 
Queensland, Australia: 102-122. 
- McBroom RJ, Hayes WC: Strength Reduction and Fracture Risk of Cortical Defects 
in the Diaphysis of Long Bones. 1984. 30th Annual ORS, Atlanta, Georgia. 
- McBroom RJ, Hayes WC, Edwards WT, White AA: Non-Invasive Prediction of 
Vertebral Fracture Risk. 1984. 30th Annual ORS, Atlanta, Georgia. 
-McDermott AGP, Marble AE, Yabsley RH: The Stic Catheter for Monitoring 
Intracompartmental Pressures: A New Research and Clinical Tool. 1983.29th Annual 
ORS, Anaheim, California: 250. 
- McElhaney J, Alem N, Roberts V: A Porous Block Model for Cancellous Bones. 1970. 
ASME publication no 70, WA/BHF-2: 1-9. 
- McMaster PE, Hohl M: Tibiofibular Cross-Peg Grafting. A Salvage Procedure for 
Complicated Ununited Tibial Fractures. 1975. J Bone Jt Surg 57-A: 720-721. 
- Medgyesi S: Healing of muscle-pedicle bone graft. 1965. Acta Orthop Scand 35: 
294-299. 
- Medgyesi S: Investigation into the carrying ability of pedicled bone grafts during 
transplantation. 1968. Acta Orthop Scand 39: 1-7. 
- Medgyesi S: Bone growth in the femoral head following pedicled bone grafting. An 
experimental study. 1971. Acta Orthop Scand 42: 82-93. 
- Merz WA, Schenk RK: A quantitative histological study on bone formation in human 
cancellous bone. 1970. Acta Anat 76:1-15. 
- Merz WA, Schenk RK: Quantitative structural analysis of human cancellous bone. 
1970. Acta anat 76: 54-66. 
-Meyers MH, Harvey JP, Moore TM: Treatment of Displaced Subcapital and 
Transcervical Fractures of the Femoral Neck by Muscle-Pedicle-Bone Graft and 
Internal Fixation. A preliminary report on one hundred and fifty cases. 1973. J Bone 
Jt Surg 55-A: 257-274. 
- Meyers MH: Treatment of displaced femoral neck fractures with internal fixation and 
a muscle pedicle graft. The Hip (Proc 5th Mtg of the Hip Soc, 1977): 35-43, St Louis, 
CVMosbyCo, 1977. 
- Meyers MH, Downey, Telfer N, Moore TM: Determination of the Vascularity of the 
Femoral Head with Technetium 99m-Sulphur-Colloid. 1977. J Bone Jt Surg 59-A: 
658-664. 
- Meyers MH: The Treatment of Osteonecrosis of the Hip with Fresh Osteochondral 
Allografts and with the Muscle Pedicle Graft Technique. 1978. Clin Orthop Rel Res 
130:202-209. 
-Meyers MH: Avascular necrosis of the femoral head - diagnostic techniques, 
reliability and relevance. The Hip (Proc 11th Mtg of the Hip Soc, 1983): 263-278, St 
Louis, CV Mosby Co, 1983. 
- Meyers MH, Jones RE, Bucholz RW, Wenger DR: Fresh Autogenous Grafts and 
Osteochondral Allografts for the Treatment of Segmental Collapse in Osteonecrosis 
of the Hip. 1983. Clin Orthop Rel Res 174: 107-295. 
-Meyers MH: Osteonecrosis of the Femoral Head Treated with the Muscle Pedicle 
Graft. 1985. Orthop Clin NA: 741-746. 
-Meyers MH, Calandruccio RA, Hungerford DS, Kenzora JE, Streinberg ME: 
Symposium: Osteonecrosis of the femoral head. 1987. 119-162. 
140 
- Milch RA, Rail DP, Toble JE: Fluorescence of Tetracycline Antibiotics in Bone. 1958. 
J Bone Jt Surg 40-A: 897-910. 
- Mitchell DG, Kressel HY, Arger PH, Dalinka M, Spritzer ChE, Steinberg ME. 
Avascular Necrosis of the Femoral Head: Morphologic Assessment by MR Imaging, 
with CT Correlation. Radiology 161: 739-742. 
-Monticelli G, Spinelli R: 1986. Idiopathic osteonecrosis of the femoral head. 
Pathological Anatomy. 1982. Italian J orthop Traum suppl to vol VIII: 49-66. 
- Motta С, Zurla F: Idiopathic osteonecrosis of the femoral head. The resurfacing 
prosthesis. 1982. Italian J Orthop Traum suppl to vol VIII: 139-152. 
- Nade S, Burwell RG: Decalcified bone as a substrate for osteogenesis. An appraisal of 
the interrelation on bone and marrow in combined grafts. 1977. J Bone Jt Surg 59-B: 
189-196. 
- Nasseri D, Hungerford D, White K, Jones L: Equine model of ischemic necrosis of 
bone. 1982. 28th Annual ORS, New Orleans, Louisianna: 234. 
-Nasseri D, Jones LC, Hungerford D, Davis RF: The effect of steroids on the 
hemodynamics of the femoral head. 1982. 28th Annual ORS, New Orleans, 
Louisianna: 235. 
- Ogden JA: Changing Patterns of Proximal Femoral Vascularity. 1974. J Bone Jt Surg 
56-A: 941-950. 
-Ogden JA: Anatomic and histologic study of factors affecting development and 
evolution of avascular necrosis in congenital hip dislocation. The Hip (Proc 2nd Mtg 
of the Hip Soc, 1974): 125-153, St Louis, CV Mosby Co, 1974). 
- Oikarinen J, Korhonen LK: Repair of bone defects by bone inductive material. 1979. 
Acta Orthop Scand 50: 21-26. 
- Olerud S, Lorenzi GL: Tïiple Fluorochrome Labeling in Bone Formation and Bone 
Resorption. 1970. J Bone Jt Surg 52-A: 274-278. 
-Parfitt AM: The Cellular Basis of Bone Remodeling: The Quantum Concept 
Reexamined in Light of Recent Advances in the Cell Biology of Bone. 1984. Cal Tiss 
36: 537-545. 
- Parrini L, De Bastiani G: Idiopathic osteonecrosis of the femoral head. Other 
methods of surgical treatment. 1982. Italian J Orthop "fraum suppl to vol VIII: 
167-180. 
-Pelker RR, Friedlaender GE: Biomechanical Aspects of Bone Autografts and 
Allografts. 1987. Orthop Clin NA vol 18 no 2: 235-240. 
- Petty W: Osteonecrosis. 1986. J Bone Jt Surg 68-A: 311-312. 
- Phemister DB: The fate of transplanted bone and regenerative power of its various 
constituents. 1914. Surg Gynec Obst: 303-333. 
- Phemister DB: The recognition of dead bone based on pathological and X-ray 
studies. 1920. Am Surg Ass: 466-485. 
- Phemister DB: Fractures of neck of femur, dislocations of hip, and obscure vascular 
disturbances producing aseptic necrosis of head of femur. 1934. Surg Gyn Obst 59: 
415-440. 
- Phemister DB: Bone growth and repair. 1935. Annuals of Surgery vol 102 no 2: 
261-285. 
-Phemister DB: Changes in bones and joints resulting from interruption of 
circulation. General considerations and changes resulting from injuries. 1940. Arch 
Surg 41:436-472. 
-Phemister DB: Changes in bones and joints resulting from interruption of 
circulation. Nontraumatic lesions in adults with bone interfarction: arthritis 
deformans. 1940. Arch Surg 41: 1455-1482. 
141 
-Phemister DB: Lesions of bones and joints arising from interruption of the 
circulation. 1948. J Mount Sinai Hosp vol 15 no 2: 55-63. 
- Phemister DB: Treatment of the necrotic head of the femur in adults. 1949. J Bone Jt 
Surg 31-A: 55-66. 
- Popesko P: Atlas der Topografischen Anatomie der Haustiere. 1968. 80-99, Jena, 
Gustav Fischer Verlag. 
- Prosnitz LR, Lawson JP, Friedlaender GE, Farber LR, Pezzimenti JF: Avascular 
Necrosis of Bone in Hodgkin's Disease Patients Treated with Combined Modality 
Therapy. 1981. Cancer 47: 2793-2797. 
- Pugh JW, Rose RM, Radin EL: A structural model for the mechanical behaviour of 
trabecular bone. 1973. J Biomechanics vol 6: 657-670. 
-Pugh JW, Radin EL, Rose RM: Quantitative Studies of Human Subchrondral 
Cancellous Bone. 1974. J Bone Jt Surg 56-A: 313-321. 
- Puhl JJ, Piotrowski G, Enneking WF: Biomechanical properties of paired canine 
fibulas. 1972. J Biomechanics vol 5: 391-397. 
- Radin EL, Paul IL, Lowy M: A Comparison of the Dynamic Force Transmitting 
Properties of Subchondral Bone and Articular Cartilage. 1970. J Bone Jt Surg 52-A: 
444-456. 
-Rahn BA, Perren SM: Xylenol orange, a fluorochrome useful in polychrome 
sequential labeling of calcifying tissues. 1971. Stain Techn vol 46 no 3:125-129. 
- Rahn BA: Die polychrome Fluoreszenzmarkierung des Knochenanbaus. 1976. Zeiss 
Information no 85: 36-39. 
- Raux P, Townsend PR, Milch R, Rose RM, Radin EL: Trabecular architecture of 
human patella. 1974. J Biomechanics: 1-7. 
- Reeve J: Bone turnover and trabecular plate survival after artificial menopause. 1987. 
British Medical Journal: 585-588. 
- Reilly DT, Burstein AH: The Mechanical Properties of Cortical Bone. 1974. J Bone Jt 
Surg 56-A: 1001-1021. 
- Rhinelander FW, Baragry RA: Microangiography in Bone Healing. Undisplaced 
closed fractures. 1962. J Bone Jt Surg 44-A: 1273-1298. 
- Rhinelander FW, Stewart CL, Wilson JW: Bone Vascular Supply. 1979. Skeletal 
Research: 367-395. 
- Rice JC, Cowin SC, Bowman JA: On the dependence of the elasticity and strength of 
cancellous bone on apparent density. 1988. J Biomechanics: vol 21 no 2: 155-168. 
- Rinonapoli E, Pecorelli F, Cerulli G, Toraldo P: Idiopathic osteonecrosis of the 
femoral head. Methods of special investigation. 1982. Italian J Orthop Traumat suppl 
to vol VIII: 67-86. 
- Rohlmann A, Zilch H, Bergmann G, Köbel R: Material Properties of Femoral 
Cancellous Bone in Axial Loading. Time Independent Properties. 1980. Arch Orthop 
Traumat Surg 97: 95-102. 
- Rokkanen P, Slätis P, Laine H: Oxytetracycline bone labelling of experimental 
affections of the hip joint. 1965. Acta Orthop Scand 36: 241-249. 
- Rösingh GE: Aseptische Necrose van de Femurkop. 1967. Proefschrift Universiteit 
van Amsterdam. 
-Rubin Ph, Casarett GW, Kurohara SS, Fujii M: Microangiography as a technique. 
Radiation effect versus artifact. 1964. Am J Roentgenol Radium Ther Nucl Med: vol 
92 no 2, 378-387. 
- Rubin Ph: Microangiography: Facts and artifacts. 1964. Rad Clin NA vol II no 3: 
499-513. 
142 
- Russell J: An Essay on Necrosis: Section I. General Remarks, and Description of 
Appearances. 1978. Clin Orthop Rel Res: 5-7. 
- Salamanca de ME, Schwarz R: Die Arterien an der Beckengliedmasse der Ziege. 1960. 
Wiener tierärztliche Monatsschrift: 102-114. 
-Sanchis M, Zahir A, Freeman MAR: The Experimental Simulation of Perthes 
Disease by Consecutive Interruptions of the Blood Supply to the Capital Femoral 
Epiphysis in the Puppy. 1973. J Bone Jt Surg 55-A: 335-342. 
- Santos JV: Changes in the head of the femur after complete intracapsular fracture of 
the neck. 1930. Arch Surg 21: 470-530. 
-Schenk RK: Zum histologischen Bild der sogenannten Primärheilung der 
Knochenkompakta nach experimentellen Osteotomien am Hund. 1963. Experientia 
XIX/11: 593-595. 
-Schenk RK, Willenegger HR: Zur Histologie der primären Knochenheilung. 
Modifikationen und Grenzen der Spaltheilung in Abhängigkeit von der 
Defektgrösse. 1977. Unfallheilkunde 80: 155-160. 
- Schoen feld CM, Lautenschlager EP, Meyer PR: Mechanical properties of human 
cancellous bone in the femoral head. 1974. Med Biol Engin: 313-317. 
- Scholder-Hegi P: Eine Knorpel-Knochen-Plastik am Femurkopf bei Osteochon-
drosis dissecans. 1981. Orthopäde 10: 78-79. 
- Sedlin ED, Hirsch С: Factors affecting the determination of the physical properties of 
femoral cortical bone. 1966. Acta Orthop Scand 37: 29-47. 
-Serré H, Simon L: L'ostéonécrose primitive de la tête fémorale chez l'adulte. 1961. 
Acta Rheum Scand 7: 265-286. 
- Sikorski J: Venous thrombosis produced by the local injection of fat. 1983. J Bone Jt 
Surg 65-B: 340-345. 
- Simon SR, Radin S, Radin EL, Paul IL, Rose RM: The response of joints to impact 
loading-II. In vivo behaviour of subchondral bone. 1972. J Biomechanics 5:267-272. 
- Solomon L: Idiopathic Necrosis of the Femoral Head: Pathogenesis and Treatment. 
1981. Canadian J Surg vol 24 no 6: 573-588. 
- Solomon L: Mechanisms of Idiopathic Osteonecrosis. 1985. Orthop Clin NA vol 16 
no 4: 655-698. 
- Solonen KA: Free Vascularized Bone Graft in the TVeatment of Pscudarthrosis. 1982. 
Internat Orthop 6: 9-13. 
- Sowa DT, Weiland AJ: Clinical Applications of Vascularized Bone Autografts. 1987. 
Orthop Clin NA vol 18 no 2: 257-274. 
- Spencer JD, Humphreys S, Tighe JR, Gumming RR: Early avascular necrosis of the 
femoral head. Report of a case and review of the literature. 1986. J Bone Jt Surg 68-B: 
414-417. 
- Springfield DS, Enneking WF: Role of bone grafting in idiopathic aseptic necrosis of 
the femoral head. The Hip (Proc 3rd Mtg of the Hip Soc, 1975): 3-18, St Louis, CV 
Mosby Co, 1975. 
- Springfield DS, Enneking WF: Surgery for Aseptic Necrosis of the Femoral Head. 
1978. Clin Orthop Rel Res 130: 175-185. 
- Strens PHGE: Analysis of implant failure in the Wagner resurfacing arthroplasty, 
1982. Thesis, University of Nijmegen. 
- Suzuki HK, Jee WSS, Sears KA: Method for study of osseous vascular system in mice. 
1963. Texas Reports on Biology Med no 21: 302-309. 
- Suzuki HK, Mathews A: Two-color fluorescent labeling of mineralizing tissues with 
tetracycline and 2, 4-bis (N, N-DI- (carbomethyl) aminomethyl fluorescein. 1966. 
Strain Techn vol 41 no 1: 57-60. 
143 
- Takada F. Stereological Studies of Vascularization Phenomena. Stereological studies 
on the Vascular Restoration in the Autotransplanted Area of the Monkey Mandible. 
1971. J Osaka Dental University vol 5 no 2: 163-183. 
-Takaoka K, Yoshioka T, Hosoya T, Ono K, Takase T: The Repair Process in 
Experimentally Induced Avascular Necrosis of the Femoral Head in Dogs. 1981. Arch 
Orthop Traumat Surg 99: 109-115. 
- Taylor GI: Miller GDH, Ham FJ: The free vascularized bone graft. A Clinical 
Extension of Microvascular Techniques. 1975. Plast Recon Surg vol 55 no 5: 533-544. 
- Termansen NB, Teglbjaerg PS, Sorensen KH: Primary osteoarthritis of the hip. 
Interrelationship between Intraosseous Pressure, X-ray Changes, Clinical Severity 
and Bone Density. 1981. Acta Orthop Scand 52: 215-222. 
-Totty WG, Murphy WA, Ganz WI, Kumar B, Daum WJ, Siegel BA: Magnetic 
Resonance Imaging of the Normal and Ischemic Femoral Head. 1984. AJR 143: 
1273-1280. 
- Townsend PR, Rose RM, Radin EL: Buckling studies of single human trabeculae. 
1975. J Biomechanics 8: 199-201. 
-Townsend PR, Raux P, Rose RM, Miegel RE, Radin EL: The distribution and 
anisotropy of the stiffness of cancellous bone in the human patella. 1978. J 
Biomechanics vol 8: 363-367. 
-Trueta J: The influence of the blood supply in controlling bone growth. 1953. Bull 
Hoop Fut Dis 14: 147-157. 
- Trueta J, Harrison MHM: The normal vascular anatomy of the femoral head in adult 
man. 1953. J Bone Jt Surg 35-B: 442-461. 
- Trueta J: The normal vascular anatomy of the human femoral head during growth. 
1957. J Bone Jt Surg 39-B: 358-394. 
- Trueta J, Morgan JD: The vascular contribution to osteogenesis. Studies by the 
Injection Method. 1960. J Bone Jt Surg 42-B: 97-109. 
- Trueta J: The role of the vessels in osteogenesis. 1963. J Bone Jt Surg 45-B: 402-418. 
- Urist MR: Practical applications of basis research on bone graft physiology. 1976. 
AAOS, Instructional Course Lectures vol 25: 1-26. 
- Vahey JW, Lewis JL, Vanderby R: Elastic moduli, yield stress, and ultimate stress of 
cancellous bone in the canine proximal femur. 1987. J Biomechanics vol 20 no 1: 
29-33. 
- Vasey HM: Nécrose aseptique de la tête fémoral chez le jeune adulte. 1984. Internat 
Orthop 8: 77-88. 
- Vincentelli R, Evans FG: Relations among mechanical properties, collagen fibers, 
and calcification in adult human cortical bone. 1971. J Biomechanics vol 4: 193-201. 
- Vineberg AM: Development of an anastomosis between the coronary vessels and a 
traisplanted internal mammary artery. 1946. Canad MAJ vol 55:117-119. 
-Wagner H: Möglichkeiten und klinische Erfahrungen mit der Knorpeltransplan-
tation. 1972. Ζ Orthop HO: 705-708. 
-Wagner H: Die Schalenprothese des Hüftgelenkes - Oberflächenersatz als 
Gelenkerhaltung. 1979. Orthopäde 8:276-295. 
-Wagner H, Zeiler G: Idiopathic Necrosis of the Femoral Head. Results of 
Intertrochanteric Osteotomy and Joint Resurfacing. 1981. Progress Orthop Surg vol 
5, Springer Verlag, Berlin, Heidelberg, New York: 87-116. 
- Wang GJ, Sweet DE, Reger SI: Fat-Cell Changes as a Mechanism of Avascular 
Necrosis of the Femoral Head in Cortisone-Treated Rabbits. 1977. J Bone Jt Surg 
59-A: 729-735. 
144 
- Wang GJ, Moga DB, Richemer WG, Sweet DE, Reger SI, Thompson RC: Cortisone 
Induced Bone Changes and Its Response to Lipid Clearing Agents. 1978. Clin Orthop 
Rel Res 130: 81-85. 
-Wang GJ, Lennox DW, Reger SI, Stamp WG, Hubbard SL: Cortisone-induced 
Intrafemoral Head Pressure Changes and its Response to a Drilling Decompression 
Method. 1981. Clin Orthop Rel Res 159, 181: 275-278. 
- Wang GJ, Hubbard SI, Reger SI, Miller ED, Stamp GW: Femoral head blood flow in 
long-term steroid treatment. Study of rabbit model. 1982. 28th Annual ORS, New 
Orleans, Louisiana: 188. 
-Wang GJ, Rawles JG, Hubberd SL, Stamp WG: Steroid-induced Femoral Head 
Pressure Changes and their Response to Lipid-clearing Agents. 1983. Clin Orthop Rel 
Res 174: 299-302. 
- Wang GJ, Dughman SS, Reger SI, Stamp WG: Core decompression induced femoral 
head blood flow changes in long term steroid treatment. 1983. 29th Annual ORS, 
Anaheim, California: 264. 
- Weaver JK, Chalmers J: Cancellous Bone: Its Strength and Changes with Aging and 
an Evaluation of Some Methods for Measuring Its Mineral Content. 1966. J Bone Jt 
Surg 48-A: 289-308. 
- Weber BG: Posttraumatische Osteochondrosis dissecans des Femurkopfes. Ein Fall 
einer revitalisierenden Wiederaufbauplastik. 1981. Orthopäde 10: 75-77. 
- Whiteside LA: Circulatory dynamics of the adult femoral head. 1982. 28th Annual 
ORS New Orleans, Louisianna: 362. 
-Wildenberg van de FAJM: Free Revascularized Autologous Periosteum 
Transplantations. 1982. Thesis, University of Nijmegen. 
- Willert HG, Safert D: Die Behandlung segmentaler, ischämischer Hüftkopfnekrosen 
mit der intertrochantären Flexionsosteotomie. 1975. Ζ Orthop 113: 974-994. 
- Willert HG, Buchhorn G, Zichner, L: Results of Flexion Osteotomy on Segmental 
Femoral Head Necrosis in Adults. 1981. Progress Orthop Surg vol 5, Springer Verlag, 
Berlin, Heidelberg, New York: 63-80. 
-Willert HG, Pathogenese und Klinik der spontanen Knochennekrosen. 1981. 
Orthopäde 10: 19-39. 
- Williams JL, Lewis JL: Properties and an Anisotropie Model of Cancellous Bone 
From the Proximal Tibial Epiphysis. 1982. Trans ASME vol 104: 50-56. 
- Woodhouse CF: The Transplantation of Patent Arteries to Bone. 1963. Cardiovasc 
Surg vol 39 no 5: 437-446. 
- Yokota H: Revitalisation of the Osteonecrotic Femoral Head by the Vascular Bundle 
Transplantation. 1983. Translation into Dutch Language from Japanese "Hori, Y: 
1981. Revitalization of the Osteonecrotic Femoral Head by the Vascular Bundle 
Transplantation". 
- Yu WY, Siu CM, Shim SS, Hawthorne HM, Dunbar JS: Mechanical Properties and 
Mineral Content of Avascular and Revascularizing Cortical Bone. 1975. J Bone Jt 
Surg 57-A: 692-695. 
- Zahir A, Freeman MAR: Cartilage Changes Following a Single Episode of Infarction 
of the Capital Femoral Epiphysis in the Dog. 1972. J Bone Jt Surg 54-A: 125-136. 
- Zolla-Pazner S: Pazner SS, Lanyi V, Meltzer M: Osteonecrosis of the Femoral Head 
during Pregnancy. 1980. JAMA vol no 7: 689-690. 
- Zugman J, Maurer Ρ, Berbesson С: The effect of autografts of bone and periosteum 
in recent diaphyseal fractures. An Experimental Study in the Rabbit. 1968. J Bone 
Surg 50-B: 409-422. 
145 

CURRICULUM VITAE 
De samensteller van dit proefschrift werd geboren op 7 april 1948 to Beek (Zuid 
Limburg). Hij bezocht het St. Michiel Lyceum te Geleen in de jaren 1960 t/m 1965 en 
behaalde in dat laatste jaar zijn H.B.S.-B diploma. In 1965 ging hij studeren aan de 
Rijksuniversiteit te Utrecht. In 1971 werd het Doctoraal examen afgelegd en in juli 1973 
kreeg hij zijn artsenbul uitgereikt. 
Reeds in januari 1973 werkte hij als arts-assistent op de afdelingen Algemene Chirurgie 
en Gynaecologie en Obstetric in het Zeister Algemeen Ziekenhuis, waar hij het 
praktisch gedeelte van zijn Tropenopleiding volgde bij Dr. D.W.J. van Rees en J.H. 
Anschütz. Dit arts-assistentschap werd van maart t/m mei 1974 onderbroken voor het 
volgen van de Nationale Tropencursus voor Artsen aan het Koninklijk Instituut voor 
de Tropen te Amsterdam. Het certificaat "Tropenarts" werd hem op 10 mei 1974 
uitgereikt. Van mei 1974 t/m september 1974 continueerde hij de praktische opleiding 
in de Algemene Chirurgie en Gynaecologie en Obstetric in het Zeister Algemeen 
Ziekenhuis. 
Via bemiddeling van Medicus Mundi werd hij op 29 september 1974 uitgezonden naar 
Malawi, waar hij ruim 3 jaar gewerkt heeft. In die periode bouwde hij samen met Mgr. 
E. Vroemen, Bisschop van het diocese Chikwawa, het Montfort Hospital Nchalo af. In 
die periode was hij ook medical officer-in-charge van de Sucoma Sugar Company te 
Nchalo, medical officer verantwoordelijk voor Area 2 in de Lower Shire Valley, Lid van 
de Counsil van "The Private Hospital Association of Malawi" en lid van het Executive 
Committee van "The Private Association of Malawi". 
Na terugkeer in Nederland specialiseerde hij zich in de Orthopaedic: van november 
1978 tot februari 1980 aan de afdeling Algemene Chirurgie van het Diaconessenhuis te 
Eindhoven (Dr. H. Sluzewski) en vervolgens aan de afdeling Orthopaedic van het St. 
Radboudziekenhuis, Katholieke Universiteit te Nijmegen (Prof.Dr. ThJ.G. van Rens). 
In de opleidingsperiode was hij bestuurslid van de "Vereniging voor Assistent 
Geneeskundigen in de Heelkunde" van 1978 tot februari 1980 en voorzitter van de 
V.O.C.A., "Vereniging van Orthopaedisch Chirurgisch Assistenten", van 1980 tot 1 
januari 1984. 
Op 1 juli 1984 werd hij ingeschreven in het Specialistenregister en per 1 juli 1984 werd 
hij benoemd tot wetenschappelijk medewerker in de staf van de afdeling Orthopaedic 
van het St. Radboudziekenhuis, Katholieke Universiteit te Nijmegen, met als speciale 
taak de kinderorthopaedie. 
Hij is gehuwd met Ciel Nelissen en heeft 3 kinderen: Charlotte, Evelijn en Anke. 
147 
This publication was financially supported by grants from: 
- Beecham Research laboratories, Amstelveen 
- 3 M B.V., Leiden 
- Glaxo B.V., Nieuwegein 
- Orthomed B.V., Schiedam 
- Pfizer B.V., Rotterdam 
- Stryker Nederland, Uden 
- West Instrumenten B.V., Bilthoven 
148 
Stellingen 
behorende bij het proefschrift van 
J.W.M. Gardeniers. 
Behaviour of normal, avascular and revascularizing cancellous bone 
Nijmegen, 27 mei 1988 

STELLINGEN 
1. De statistische sterkte en stijfheid van geïsoleerd avasculair trabeculair bot 
verschillen niet van normaal trabeculair bot. 
2. De inzakking van het anterosuperieure segment bij idiopatische avasculaire necrose 
in de femurkop is het gevolg van de revascularisatie. 
3. De mathematische relaties tussen de schijnbare dichtheid en de sterkte en stijfheid 
van zeer poreus tot zeer dicht trabeculair bot zijn exponentiële functies. 
4. De arterioveneuze bundel transplantatie heeft een significant positieve invloed op 
het remodelleringsproces van avasculair trabeculair bot. 
5. Aangezien de specificiteit van de echografie van het heupgewricht bij zuigelingen 
slechts 97% is, is dit onderzoek op dit moment weinig geschikt als 
screeningsmethode bij zuigelingen (F.B.M. Sanders, J.W.M. Gardeniers, J.H.J. 
Ruijs, L.A.M. Bozon, A.L.M. Verbeek, G. Rosenbusch "De waarde van het 
echografisch onderzoek bij de vroege diagnostiek van congenitale heupdysplasie: 
huidige stand van zaken". N.T.v.G., 1988; 132, nr. 12:547) 
6. Voor de behandeling van de aangeboren heupontwrichting is niet alleen kennis 
maar ook geduld nodig. 
7. De preventie en behandeling van A.I.D.S. dienen slechts gekenmerkt te zijn door 
rede en de totale afwezigheid van emoties, paniek en angst (M.W. Adler. Patient 
safety and doctors with H.I.V. infection, Br. Med. J. 1988: 37, 6-7). 
8. Plannen voor de behandeling van beenlengteverschillen bij individuele patiënten, 
dienen steeds opnieuw heroverwogen te worden in het licht van het steeds 
veranderende beenlengteverschil en de nieuwe ontwikkelingen in de 
orthopaedische chirurgie. 
9. Niet-rokers, die bloot staan aan het dubieuze genot van passief roken, lopen een 
kleine, doch duidelijk verhoogde kans op het krijgen van longkanker (Wald, N.J.; 
Nanchakal, K;. Thompson, S.G.; Cuckle, H.S.: "Does breathing other people's 
smoke cause lung cancer?" Br.Med.J. 1986: 293, 1217-22). 
10. De aanvullende waarde van het heuparthogram bij de beoordeling van de 
repositiegraad van congenitale heupluxatie in de groep kinderen tussen 0 en 3 jaar, 
is het grootst bij kinderen jonger dan 12 maanden. 
11. Ontwikkelingshulp door de Staat gegeven is politiek gebonden, ontwikkelingshulp 
door kerkelijke organisaties gegeven is mensgebonden. 
12. A.D.V.* leidt in de gezondheidszorg slechts tot P.D.V.** 
* Arbeidsduurverkorting. 
** Patiënten-drukverhoging. 



